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Abstract
This dissertation describes investigations of the growth by molecular beam epitaxy
and the characterization of the semiconductor InSb as well as the diluted magnetic
semiconductor (DMS) In1−xMnxSb.
The InSb films were grown on GaAs (001) substrate and Si (001) offcut by 4o
toward (110) substrate up to a thickness of about 2 µm, in spite of a large lattice
mismatch between the epi-layer and substrate (14.6% between InSb and GaAs, and
19.3% between InSb and Si). After optimizing the growth conditions, the best InSb
films grown directly on GaAs without any special technique results in a high crystal
quality, low noise, and an electron mobility of 41100 cm2/V s Vs with associated
electron concentration of 2.9e16 cm−3 at 300 K. Such structures could be used, for
example, for infrared detector structures.
The growth of InSb on Si, however, is a challenge. In order to successfully grow
InSb on Si, tilted substrates and the insertion of buffer layers were used, which
helps to reduce the lattice mismatch as well as the formation of defects, and hence
to improve the crystal quality. An electron mobility of 24000 cm2/V s measured
at 300 K, with an associated carrier concentration of 2.6e16 cm−3 is found for the
best sample that was grown at 340oC with a 0.06 µm-thick GaSb/AlSb superlattice
buffer layer. The smaller value of electron mobility (compared to the best GaAs-
based sample) is related to a higher density of microtwins and stacking faults as
well as threading dislocations in the near-interface region as shown by transmission
electron microscopy. Deep level noise spectra indicate the existence of deep levels
in both GaAs and Si-based samples. The samples grown on Si exhibit the lowest
Hooge factor at 300 K, lower than the samples grown on GaAs.
Taking the optimized growth conditions of InSb/GaAs, the diluted magnetic semi-
conductor In1−xMnxSb/GaAs (001) is prepared by adding a few percent of Mn into
the host material InSb during growth. I have investigated the properties of the sam-
ples with a range of low Mn content (x < 1%). Mn decreases the lattice constant
as well as the degree of relaxation of (In,Mn)Sb films. Mn also distributes itself
to result in two different and distinct magnetic materials: the diluted magnetic
semiconductor (In,Mn)Sb and clusters of ferromagnetic MnSb. The MnSb clusters
dominate only on the surface as indicated by the structural characterization. The
measured values of Curie temperature Tc Tc for these two materials are found to be
highly dependent on Mn concentration. For the DMS alloy (In,Mn)Sb, the Curie
temperature appears to be smaller than 50 K, whereas it is greater than 300 K for
the MnSb clusters. The occurrence of the high Tc and and MnSb clusters on the
surface suggest the possibility to obtain higher Tc by adding more Mn into the host
material and etching the samples down to several ten nanometers from the surface
to eliminate the MnSb clusters as well as annealing at low temperature to remove
the Mn interstitial sites.
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Zusammenfassung
Im Rahmen dieser Arbeit wurden InSb- und verdünnt-magnetische In1−xMnxSb-
Filme mittels Gasquellen-Molekularstrahlepitaxie hergestellt und deren strukturelle
und elektronische Eigenschaften untersucht.
Die InSb-Dünnschichten wurden sowohl auf GaAs(001)-Substrat als auch um 4o
in Richtung [110] fehlgeschnittenem Si(001)-Substrat hergestellt. Trotz einer star-
ken Gitterfehlanpassung (14,6% zwischen InSb und GaAs und 19,3% zwischen InSb
und Si) wurden epitaktische Schichten bis zu einer Dicke von 2 µm realisiert und
die Wachstumsbedingungen optimiert. Optimierte InSb-Schichten direkt auf GaAs
zeigen eine hohe kristalline Qualität, niedriges Rauschen und eine Elektronenbeweg-
lichkeit von 41100 cm2/Vs bei 300 K. Die Ladungsträgerkonzentration beträgt etwa
2,9e16 cm−3. Solche InSb-Filme können als aktive Medien für Infrarot-Detektoren
verwendet werden.
Um InSb-Dünnschichten guter Qualität auf Si-Substrat zu realisieren, wurden
fehlgeschnittene Substrate benutzt, die die Bildung von Defekten reduzieren und da-
mit die Qualität der Kristalle verbessern. Zur Reduzierung der Gitterfehlanpassung
wurden Pufferschichten gewachsen. Eine Elektronenmobilität von 24000 cm2/Vs und
Ladungsträgerkonzentration von 2,6e16 cm−3 wurden bei 300 K nachgewiesen. Die-
se Probe enthält ein 0,06 µm GaAs/AlSb-Supergitter als Pufferschicht (Wachstum-
stemperatur war 340oC). Die Verringerung der Elektronenmobilität (verglichen mit
der besten GaAs-basierten Probe) ist der höheren Dichte der Microtwins und Sta-
pelfehler als auch den Threading-Versetzungen in der schnittstellennahen Region
geschuldet. Diese Defekte sind anhand von Transmissionselektronenmikroskopieauf-
nahmen nagewiesen. Die Deep-Level Rauschspektren zeigen die Existenz von Deep-
Levels sowohl in GaAs- als auch in Si-basierten Proben. Die InSb-Filme auf Si-
Substrat zeigen einen kleineren Hooge-Faktor im Vergleich zu Schichten auf GaAs
(300 K).
Unter Anwendung der optimierten Wachstumsbedingungen für InSb/GaAs wur-
den verdünnt-magnetische In1−xMnxSb-Schichten auf GaAs (001)-realisiert. Die
untersuchten Proben enthalten bis zum 1% Mangan. Mn verringert die Gitterkon-
stante und damit den Grad der Relaxation von (In,Mn)Sb-Filmen. In den Proben
befindet sich Mn in zwei magnetischen Formen, sowohl als verdünnt-magnetischer
Halbleiter (In,Mn)Sb, als auch als MnSb-Cluster. Die Cluster dominieren auf der
Oberfläche, wie durch die Transmissionselektronenmikroskopieaufnahmen gezeigt
wird. Die Curie-Temperatur, Tc, unterscheidet sich für die beiden Formen und hängt
stark von der Mn-Konzentration ab. Für (In,Mn)Sb ist Tc kleiner als 50 K . Die
MnSb-Cluster zeigen dagegen ein Tc über 300 K. Das hohe Tc und der Existenz
von MnSb-Clustern auf der Oberfläche legt nahe, dass Erreichen von höheren Tc-
Werten durch Hinzufügen von mehr Mn in das Wirtsmaterial möglich sein könnte.
Die MnSb-Cluster sollten durch das Abtragen einiger zehn Nanometer der Oberflä-
che vollständig beseitigt werden können. Um die Mn-Zwischengitterplätze zu entfer-
nen, sollten die Proben bei niedrigen Temperaturen getempert werden.
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Symbols/Abbreviations
H, B Applied magnetic field, flux density of magnetic field
M Magnetization
T Absolute temperature
Tc Curie temperature
e Electron charge
j Current density
µ Carrier mobility
n, p Electron concentration, hole concentration
RH Hall coefficient
σ, ρ, R Conductivity, resistivity, sheet resistance
h, h¯ Planck constant, h/2pi - reduced Planck constant
k Boltzmann constant
λ Wavelength
c Speed of light in a vacuum
m∗, me Effective mass, mass of the free electron
EC , EV , EF Conduction band energy, valence band energy, Fermi energy
E Energy
r Growth rate
d Thickness
t Time
a Lattice constant
ν Poisson’s ratio
0D, 1D, 2D, 3D Zero-, one-, two-, three-dimensional
ML Monolayer, equals half the lattice constant
MR Magnetoresistance
DMS Diluted magnetic semiconductor
MBE Molecular beam epitaxy
MOCVD Metal-organic chemical vapor deposition
UHV Ultra high vacuum
RHEED Reflection high energy electron diffraction
DCXRD Double crystal x-ray diffraction
FWHM Full width at half maximun
AFM Atomic force microscope
SIMS Secondary ion mass spectrometry
SEM Scanning electron microscopy
SQUID Superconducting quantum interference device
TEM Transmission electron microscopy
AHE Anomalous Hall effect
BEP Beam equivalent pressure
RKKY Ruderman-Kittel-Kasuya-Yosida
BL Buffer layer
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1 Introduction
Narrow band gap III-V compound semiconductors have been renewed interest for opto-
electronic devices, high frequency electronics, and magnetic field sensors. InSb has small
direct band gap (0.17 eV), low effective mass (0.014me), and high room-temperature
electron mobility (∼ 70000 cm2/V s). Therefore, it has been particularly attractive as
a potential material for infrared detectors and high-speed devices. Epitaxial techniques
such as molecular beam epitaxy (MBE), metalorganic chemical vapor deposition, and
liquid phase epitaxy can be used to grow InSb films. The films can be fabricated on
InSb, GaSb, or InAs substrates. But this method is not preferred due to low resistance
of the substrate. Instead, GaAs and Si substrates are more used even though there is
a significant lattice mismatch between substrate and epitaxial layer (lattice mismatch
14.6% between InSb and GaAs, and 19.3% between InSb and Si). In my thesis, thick
InSb films were grown on GaAs (001) and vicinal Si (001) offcut by 4o toward (110)
substrates using MBE. MBE growth is accomplished by heating material sources in ef-
fusion cells in an ultrahigh vacuum chamber. Therefore, thermally induced atomic or
molecular beams of the constituent elements are created and impinged on a substrate.
Different growth parameters, conditions, and techniques have been examined to obtain
high quality films, in particular with respect to high mobility. The best InSb sample
grown directly on GaAs substrate at 310oC1 provides 300 K mobility of 41100 cm2/V s
with a carrier concentration of 2.9e16 cm−3. Fewer studies have been concerned with the
heteroepitaxy of InSb on Si than on GaAs [1; 2; 3]. The difficulties involved in growth
of high quality InSb films on Si include the large lattice mismatch, the different thermal
expansion coefficients (αInSb ≈ 2αSi at 300 K) and antiphase domain formation due
to the growth of anpolar semiconductor on a nonpolar semiconductor. Some problems
have been eliminated by the use of tilted substrates [3], indium pre-deposition and the
insertion of various buffer layers [4; 5; 6]. In my work, I used Si (001) offcut by 4o
toward (110) substrate and the insertion of buffer layers. The 300 K mobility of 24000
cm2/V s corresponding to a carrier concentration of 2.6e16 cm−3 was found for the best
sample, which is grown at 340oC2 with ∼ 2 nm GaSb/AlSb superlattice buffer layer.
The conductivity was n type and a degradation 60.4% of the electron mobility at 77 K
was observed.
Diluted magnetic semiconductors (DMS) are characterized by the random substitu-
tion of a fraction of the original atoms by magnetic atoms, as schematically shown in
Fig. 1.1. Therefore, they combine magnetic with semiconducting properties. The III-V
ferromagnetic semiconductors have been extensively studied, especial those alloys with
1The thermocouple temperature was 350oC. According to my estimation using high temperature
calibration, this temperature is about 310oC.
2The thermocouple temperature was 380oC
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1 Introduction
Figure 1.1: (Reproduced from www.als.lbl.gov) Schematic of nonmagnetic semiconduc-
tor InSb and DMS with ferromagnetic order mediated by holes.
the small lattice constants and large energy gaps such as (Ga,Mn)As, (Ga,Mn)N and
(In,Mn)N, which are expected to provide the high Curie temperatures Tc. It is also very
important to explore the opposite extreme of the family, (In,Mn)Sb, because it brings
with itself new opportunities for applications in the far infrared spin-photonics and,
due to its high carrier mobility, in devices based on spin-dependent transport [7; 8; 9].
Recently, Ganesan et al. [10] reported studies on bulk Mn doped InSb grown using
the horizontal Bridgman technique. It has been found that a ferromagnetic state be-
low 10 K is the consequence of (In,Mn)Sb alloy and other ferromagnetic component is
related to MnSb clusters in the crystal. I prepared (In,Mn)Sb/GaAs by epitaxial tech-
nique MBE that allows to grow high quality crystal films and dope few percent of Mn.
The optimized growth conditions for InSb/GaAs structures were used for the epitaxy of
(In,Mn)Sb samples. All the samples were grown at the same conditions but with dif-
ferent Mn contents. For a comparison, a nonmagnetic InSb has been presented. Many
experimental techniques, such as reflection high energy electron diffraction (RHEED),
x-ray diffraction (XRD), atomic force microscope (AFM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Hall measurements, superconducting
quantum interference device (SQUID) have been employed to investigate and character-
ize the films as well as the behavior of Mn atoms in the system. The Mn concentrations
were estimated to be smaller than 1%. The presence of Mn in the InSb films decreases
the average lattice constant as well as the degree of relaxation of (In,Mn)Sb films. Two
magnetic states due to alloy (In,Mn)Sb and clusters MnSb on the surface have been ob-
served. Both the (In,Mn)Sb alloy as well as MnSb inclusions are ferromagnetic and two
distinct Curie temperatures are measured. The Curie temperature of dilute magnetic
semiconductor depends on Mn concentration and is below 50 K, while the MnSb clusters
exhibits distinct hysteresis loops above 300 K. The existence of such ferromagnetic clus-
ters in these hybrid system may be important for semiconductor-based spinphotonics
applications and devices with a higher Curie temperature.
2
This thesis is organized as follows:
• The second chapter shows some aspects of narrow band gap semiconductor InSb,
and III-V diluted magnetic semiconductors, particularly (In,Mn)Sb.
• The preparation of InSb/GaAs, InSb/Si, and (In,Mn)Sb/GaAs structures, involv-
ing the substrates preparation, growth conditions as well as experimental growth
techniques are given in chapter 3.
• In chapter 4, properties of InSb/GaAs and InSb/Si systems, in particular with
respect to the structural and electrical analysis are discussed.
• Chapter 5 provides the detailed studies related to (In,Mn)Sb/GaAs system, such as
the lattice parameter, the investigation of negative magnetoresistance and anoma-
lous Hall effect, the Mn distribution and Curie temperature.
• Conclusions and outlook are given in chapter 6.
3

2 Some features of III-V narrow band gap
semiconductors and diluted magnetic
semiconductors
InSb with a narrow energy band gap has provided an exciting field of research and
exposed a number of extreme physical and material characteristics. A new class, as
known as diluted magnetic semiconductor: in which a fraction of its constituent ions are
replaced by magnetic ions, is also providing renewed interest in the underlying physics. In
this chapter, some fundamental properties and a brief overview of the epitaxial growth of
InSb narrow band gap semiconductor and diluted magnetic semiconductors are described
in detail. Section 2.1 deals with properties and a review of the epitaxy of InSb, while
section 2.2 is followed with a report of III-V diluted magnetic semiconductors, especially
(In,Mn)Sb.
2.1 III-V narrow band gap semiconductors InSb
2.1.1 Introduction
InSb is a zinc blende crystal structure made from the elements indium (In) and antimony
(Sb) (Fig. 2.1). There are three most important parameters of a semiconductor for device
applications: the band gap, the lattice constant, and the mobility. InSb has the smallest
band gap from the binary III-V semiconductor group. The band structure of InSb at 300
K is shown in Fig. 2.2. The conduction band minimum and the valence band maximum
occur at the Γ points (a direct energy band gap). The band gap referred to the energy
difference between them is 0.17 eV. The V1 valence band, with a large density of states
(large effective mass) is normally called the heavy hole band. A similar manner the
V2 valence band is called the light hole band. The V1 and V2 valence bands happen
to have the same energy at their upper extremum. The V3 valence band is known as
the split-off band. The energy separation marked as 0.8 eV is the spin-orbit splitting.
The V3 valence band is low enough to remain unpopulated by free holes distributed
between the uppermost states of the V1 and V2 bands. The conduction bands of InSb
are less complex than the valence bands. The lowest conduction band minimum is
5
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Figure 2.1: (From www.wikipedia.org) InSb crystal structure.
marked as Γ6. At thermal equilibrium the upper conduction band valleys marked L6 do
not contain any free electrons, but electron can be exited from Γ6 in to L6 in a large
electric field. Of course, InSb has other conduction bands. But figure 2.2 shows only the
lowest two of these. The higher ones are not involved in quasi-equilibrium studies of the
semiconductor, but they still influence the optical and photoemissive properties in the
visible and ultraviolet parts of the spectrum [11].
For semiconductor with a zinc-blende structure, the lattice constant a is defined by
the spatial extent of the face-centered cubic sub-lattices. Figure 2.3 shows the band
gap and corresponding wavelength versus lattice constant of several elementary and
binary III-V semiconductors at room temperature. By controlling the concentration of
the constituent semiconductor, one can tailor the band gap and the lattice constant of
semiconductor alloys. InSb with the narrowest band gap (0.17 eV) and the largest lattice
constant (6.48 Å) in the binary III-V group delimits the wavelength range for optical
devices based on InSb structure in the infrared region. As InSb grown on a substrate,
the layer adopts the in-plane lattice spacing. The difference in lattice constant between
InSb (aL) and substrates (aS) leads to a compressive strain in InSb layers grown on
these substrates. For the growth of InSb on GaAs substrate (lattice constant aS of 5.65
Å) and Si substrate (lattice constant aS of 5.43 Å), the epi-layer has a smaller lattice
constant than the substrate. Thus, it results in a lattice mismatch ε of 14.6% between
InSb and GaAs and 19.3% between InSb and Si (ε = aL−aSaS ). In the InSb/GaAs system,
both materials have a zinc-blende crystal structure. Therefore, InSb adopts the in-plane
lattice constant of GaAs. The deposited layer is either fully strained, partly relaxed,
or fully relaxed. Figure 2.4 illustrates the two limiting cases of a fully strained (a)
and a fully relaxed (b) semiconductor epi-layer that has a bigger lattice constant than
the substrate. If the deposited layer is much thinner than the substrate, the substrate
6
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Figure 2.2: (Reproduced from http://www.ioffe.ru) Band structure of InSb at 300 K.
maintains its relaxed lateral lattice constant, and the mismatch is accommodated in the
layer. As seen in Fig. 2.4(a), the thin layer grown on top of substrate is fully strained
by assuming the smaller lattice constant of the substrate (a‖L = a
‖
S). The epi-layer
is biaxially compressed in-plane with the in-plane strain component ε‖ and expanded
vertically resulting out of plane strain component ε⊥
ε‖ =
a
‖
L − aL
aL
(2.1)
ε⊥ = −
ε‖
ν
(2.2)
where ν is Poisson ratio of the layer and has a value of 0.35 for InSb [12]. The vertical
lattice constant of the strained layer is
a⊥L = aL(1 + ε⊥) (2.3)
If the thickness d of the deposited layer increases, the total strain energy in the
deposited layer also increases. Until d exceeds a critical thickness, the strain can be
relaxed by the formation of dislocations in the interface between epi-layer and substrate
(Fig. 2.4(b)). Dislocations can be the lines of defects that form when a part of the
7
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Figure 2.3: (From http://www.veeco.com) Energy gap and corresponding wavelength
versus lattice constant at 300K of several elementary and binary semicon-
ductors with a zinc-blende structure. Labeled dots denote the elementary
and binaries, whereas the connection lines mark the band gaps and lattice
constants of the pertinent semiconductor alloys.
crystal overlaps relative to another part [13].
Figure 2.4: Fully strained (a) and fully relaxed (b) semiconductor layer with a larger
lattice constant than the substrate.
In addition to narrow band gap and large lattice constant, InSb has a high room-
temperature electron mobility of 70000 cm2/V s. Due to these unique properties, InSb
provides many applications such as infrared detectors, Hall devices, as well as fast tran-
sistors in terms of dynamic switching [14; 15; 16; 17; 18; 19; 20; 21]. The InSb detectors
are sensitive between 1-5 µm wavelengths. The InSb photodetectors fabricated by MBE
have been reported over the years. Kimukin et al. [14] introduced the high-speed op-
eration of the InSb-based p-i-n photodetectors grown on GaAs substrate in the mid-IR.
Electrical and optical properties of photodetectors with active areas ranging from 7.06e-6
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cm2 to 2.25e-4 cm2 measured at 77 K and 300 K, respectively. Detectors had high zero-
bias differential resistances, and the differential resistance area product was 4.5 Ωcm2.
At 77 K, spectral measurements yielded high responsivity between 3 and 5 µm with the
cutoff wavelength of 5.33 µm. The maximum responsivity for 80-µm diameter detectors
was 1.00e5 V/W at 4.35 µm while the detectivity was 3.41e9 cm
√
Hz/W . High-speed
measurements were done at room temperature. An optical parametric oscillator was
used to generate picosecond full-width at half-maximum (FWHM) pulses at 2.5 µm
with the pump at 780 nm. 30-µm diameter photodetectors yielded 3-dB bandwidth of
8.5 GHz at 2.5 V bias. The InSb infrared photodetectors grown heteroepitaxially on Si
substrates by MBE are reported by Michel et al. [15]. Excellent InSb material quality is
obtained on 3-inch Si substrates (with a GaAs predeposition) as confirmed by structural,
optical, and electrical analysis. InSb infrared photodetectors on Si substrates that can
operate from 77 K to room temperature have been demonstrated. The peak voltage-
responsitivity at 4 µm is about 1.0e3 V/W and the corresponding Johnson-noise-limited
detectivity is calculated to be 2.8e10 cm
√
Hz/W . This was the first important stage in
developing InSb detector arrays or monolithic focal plane arrays (FPAs) on silicon. The
development of this technology could provide a challenge to traditional hybrid FPA in
the future. Singh et al. [16] reported the growth of high quality InSb p-i-n structures
which have been optimized using reflection high energy electron diffraction. Optimized
InSb p-i-n structures of 5.8 µm thickness demonstrated x-ray full width at maximum
(FWHM) of 101 and 147 arcsec for GaAs and Si substrates, respectively, and exhib-
ited excellent uniformity and morphology. Prototype InSb p-i-n detectors on Si have
been fabricated and have demonstrated photovoltaic response at 6.5 µm up to 200 K. A
4.8-µm-thick InSb layer grown on GaAs at a growth temperature of 395oC and a III/V
incorporation ratio of 1/1.2 had an x-ray rocking curve FWHM of 158 arcsec and a Hall
mobility of 92300 cm2/Vs at 77 K.
Micro-Hall sensor arrays were developed by using InSb thin films. Togawa et al. [17]
introduced an InSb thin-film linear micro-Hall sensor array of eight sensors, each with a
sensitivity of 10 nT/Hz1/2 developed for biomedical applications. The individual Hall
sensors had an active area of 5 µm × 5 µm and were separated by a distance of 5 µm. A
combination of these Hall devices and a magnetization system incorporating both dc and
ac bias magnetic fields, enabled the simultaneous detection of multiple 2.8 µm diameter
superparamagnetic beads. Nano scale Hall probes (currently mostly based on GaAs)
have to be employed to measure highly inhomogeneous magnetic fields. Recently, some
Hall probes have been manufactured with an active area of only 100 nm × 100 nm [18]
(while conventional Hall probes have an active area of 100 µm × 100 µm) [19]. These
can be used to make magnetic field detections in the nano-Tesla range possible [20; 21].
InSb is renewed studied to construct very fast transistors that use one-tenth of the
energy of existing components. In the late 1990s, bipolar transistors constructed from
InSb operated at frequencies up to 85 GHz. Researchers at US Intel and UK QinetiQ
also used InSb and developed transistors. Recently, they have been reported field-effect
transistors operating at over 200 GHz. Transistors act as switches or amplifiers in
electronic circuits to process information. Due to highly active and greater number of
carriers, InSb allows electrons to speed through faster than conventional silicon-based
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transistors. While the transport characteristics of these carriers are exhilarating, there is
a downside: they also make these transistors more difficult to control than silicon-based
ones, except at low temperatures, around 77 K. The researchers have then sandwiched
pure InSb between layers of AlInSb to improve the transistors. The isolated pure InSb
layer acts as a quantum well. Therefore, electrons are confined: not only travel with
high speed but also are controlled at very low voltage. It is also capable to operate
InSb devices with voltages under 0.5 V, reducing their power requirements. "Indium
antimonide is one example of several new materials that Intel will continue to investigate
in order to ensure that Moore’s Law extends well beyond the next decade" says Ken
David - director of components research for Intel’s Technology and Manufacturing Group.
(From www.compoundsemi.com).
2.1.2 Epitaxial growth of narrow band gap semiconductor InSb
Recent improvements in epitaxial techniques have led to the availability to grow com-
pound semiconductor films with high quality. InSb can be enabled on several sub-
strates by a varity of epitaxial methods such as metalorganic chemical vapor deposition
(MOCVD), liquid phase epitaxy (LPE) and molecular beam epitaxy (MBE).
InSb on GaAs
The growth of InSb on GaAs substrates (∼ 14.6% lattice mismatch) has been studied
by many groups. In an earlier work, Bosch [22] reported the growth of InSb on the non-
polar GaAs (110) surface. The epitaxial films with a thickness from 1-7.7 µm showed
n-type conductance and mobilities at 77 K, µ77, of 12000-75000 cm2/Vs. It was concluded
that the higher values of mobilities can be achieved by optimizing the growth conditions.
Ohno et al. [23] also reported the growth of high-quality InSb films on GaAs (001)
using MBE. The films provided room temperature mobility of 55000 cm2/V s with a
carrier concentration of 5e15 cm−3. The conductivity was n type even down to 13 K
and no degradation of the electron mobility due to the high density of dislocations was
observed.
Parker et al. [24] investigated later the MBE growth and Si doping of InSb on GaAs
(100). At low growth temperatures, ∼ 340oC, Si acted only as a donor and could produce
electron concentrations from 1e17 to 3e18 cm−3 and mobilities at 77 K identical to those
of bulk material. Although higher concentrations could be achieved, autocompensation
occurred above 3e18 cm−3 since the measured value of the carrier concentration at 77 K
was lower than expected. At n = 1.2e17 cm−3, the value of µ77 was above 40000 cm2/Vs
in 1-µm-thick films. Electrical properties were effected by defects at the interface between
the GaAs substrate and the InSb layer. By introducing a 1300-Å-thick doped slab at
various distances d between the interface (d=0 µm) and the surface of the epilayer
(d ' 1.5 µm), it was shown that the mobility degraded more than a factor of 2 when
the doped slab is located at the interface.
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The growth of InSb on GaAs using MBE with an employment of a thin InSb layer
at the GaAs interface grown by an atomic layer epitaxy (ALE) process was studied by
Thompson [25]. A 300 Å buffer layer of InSb was grown by ALE at a substrate tem-
perature of 300oC at the GaAs/InSb interface before the growth of bulk-like properties
InSb films. The primary InSb layer was grown at 420oC with an atomic flux ratio of Sb
to In of 1.4 and a growth rate of 1 µm/h after optimizing the growth conditions. It has
been observed the reduction of the defects in the top InSb film. The best 5-µm-thick
InSb layers had x-ray rocking curve widths of 100 arcsec, n-type carrier concentrations
at 77 K in the range of e15 cm−3, and carrier mobilities greater than 100000 cm2/V s.
Mesa isolated photodiodes were also fabricated and had carrier lifetimes of 20 ns, in
comparison to 200 ns observed in bulk InSb with a similar carrier concentration.
Songpongs et al. [26] investigated the conductance at the free surface or at an interface
to a cap layer in Si-doped InSb on GaAs (001). A 0.5-µm-thick GaAs buffer layer was
grown first on substrate before deposited 1.9-µm-thick layer of undoped bulk InSb. The
structure was then followed by 1000-Å-thick Si-doped InSb with or without a cap layer of
500 Å GaAs or GaSb. The 1000-Å-thick doping layer play a role of providing electrons to
the undoped bulk layer. The type of cap layer effects on both carrier concentrations and
mobilities, especially in the temperature range 100-250 K. The structure has a dominant
p-type conduction which is responsible for singularities in carrier concentration at ≈ 50
K and ≈ 90 K in the GaAs-cap sample and an enhanced conduction with a GaSb cap,
respectively.
High mobility InSb films grown on GaAs (001) substrate with thick AlSb and InAlSb
step-graded buffer (SGB) layers were investigated by Sato [27]. The structure consists
some buffer layers (first 200 nm GaAs grown at 600oC, next 20 nm AlAs grown at 640oC,
then 1µm AlSb grown at 400oC, after that 1µm AlSb grown at 500oC, finally InxAl1−xSb
grown at 420oC: from x = 0.1 to 0.9; thickness of about 0, 100, 500, 1000 nm), followed 2-
µm-thick InSb layer grown at 460oC. It was observed that the electron mobility increases
as the SGB thickness increases. In contrast, sheet carrier concentration exhibits almost
the same value. A sample with the 1000 nm SGB showed very high room temperature
mobility of about 56000 cm2/V s. Surface roughness and mosaicity do not influence
directly on the mobility.
Using a similar method of two-step growth process, Debnath et al. [28] grew InSb
thin films on GaAs (001) substrate. The best 2-µm-thick InSb film had an X-ray rock-
ing curve width of 277 arcsec and room-temperature Hall mobilities of 55000 cm2/V s,
corresponding to the carrier concentrations of 1.5e16 cm−3. A low defect density due to
confinement of the dislocation in the InSb/GaAs interface has been seen.
Recently, Chyi et al. [29] has reported the MBE growth of InSb on GaAs (100)
substrates. Remarkably good morphologies were obtained despite the large lattice mis-
match (14.6%) between InSb and GaAs. Room-temperature electron mobilities as high
as 57000 cm2/V s with nD−nA ∼ 1.6e16 cm−3 were measured in 5-µm-thick InSb layers.
The substrate temperature and Sb/In flux ratio were found to critically effect on the
quality of InSb films.
InSb on Si
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The difficulties to grow high quality InSb films on Si include the large lattice mismatch
(>19%), the different thermal expansion coefficients (αInSb ≈ 2αSi at room tempera-
ture), and antiphase domain formation due to the growth of a polar semiconductor on
a nonpolar semiconductor. Therefore, fewer works have been done on the heteroepitaxy
of InSb on Si than on GaAs.
In an earlier work, Chyi et al. [1] introduced the growth of InSb on Si substrates tilted
4o off (100) towards (110). InSb layers were grown either directly on substrate or after
GaAs buffer layer. For 3.2-µm-thick layers, high room temperature electron mobilities
were shown: 48000 cm2/V s and 39000 cm2/V s with and without a 0.2 µm GaAs buffer,
respectively. One sample with a thickness of 8 µm showed narrower width of x-ray
rocking curves, sharper band-edge transmission curves, and higher electron mobilities of
55000 cm2/V s.
Lu et al. [3] reported the growth of thin (< 1000 Å) InSb films on Si wafers with a
sandwich-type fluoride buffer, BaF2/InSb/BaF2. The interface properties were examined
by Auger electron spectroscopy and the InSb films were characterized by X-ray and Hall
mobility measurements. It was found that thin InSb films with high electron mobility
can be obtained by using this sandwich-type buffer layer.
As same as the method of Lu to insert fluoride buffer layers in order to reduce the
lattice mismatch between epi-layer and substrate, Liu et al. [4] accomplished InSb on
Si using CaF2 buffer layers. Si(111) and Si(001) substrates were used. In the case
of the growth on CaF2/Si(111) substrate, In-terminated InSb(111) was produced by
opening the In and Sb shutters simultaneously at substrate temperatures between 300oC
and 400oC. The thickness of grown InSb films was about 0.32-8 µm. Experimental
measurements indicated that a good crystalline quality of InSb layers. A high electron
mobility at room temperature of 65000 cm2/V s was found for 8-µm-thick layer. On
CaF2/Si(001) substrates, the InSb layers grew in the (111) orientation with two domains
90o apart. The 4-µm-thick layer had room temperature electron concentration of 2.7e16
cm−3 corresponding to mobility of 9973 cm2/V s. The crystalline quality and electrical
properties of these films, as the author expected, were worse than those grown on (111)
oriented substrates. A reason was added that these structures were probably not grown
under optimum conditions.
The growth of high-quality InSb films on Si(111) substrates without buffer layers was
published by Rao [30]. A temperature range, 170-400oC, was examined. Up to growth
temperature of 300oC surface morphology and epitaxial quality of the film improve with
increasing temperature. But after 300oC, a deterioration in the quality of the film was
seen with an increase in growth temperature. The electron mobility of the film increases
with growth temperature and the highest electron mobility at room temperature of
about 2200 cm2/V s for the film grown at 300oC was obtained. This is significantly less
than the one of 70000 cm2/V s observed in bulk InSb. However, an improvement in
the electrical properties could be achieved using a two-step growth procedure. The first
consisted 300-Å-thick interface layer growth at 300oC. The second followed by growth
at 400oC. The electron mobility at room temperature of a 1.8-µm-thick film grown by
this method was 23000 cm2/V s.
Later, Mori et al. [6] added AlSb (lattice constant of 6.1355 Å) buffer layers for the
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heteroepitaxial growth of InSb films on a Si(001) substrate. It can help to reduce the
large lattice mismatch of about 19.3% between Si and InSb to about 5.6%. The thickness
of the InSb layers was between 0.8 and 1.0 µm. The substrates temperatures ranged
from 180 to 430oC. The Sb/In flux ratio was about 4.7. The samples grown at 280oC
and 330oC gave good crystal quality and surface morphology. At room temperature,
sample grown at 280oC showed electron mobility about 8000 cm2/V s and the carrier
concentration about 4.7e17 cm−3, whereas the sample grown at 330oC had electron
mobility about 11000 cm2/V s and carrier concentration about 5.9e17 cm−3. It is found
that the growth temperature about 300oC is optimized to obtain the InSb films with
smooth surface and good crystal quality.
In other work of Mori et al. [31], InSb films were deposited on Si (111) substrate
with a InSb bi-layer at high growth temperature. The InSb bi-layer is prepared by the
adsorption of 1 monolayer Sb atoms onto In-induced surface reconstruction on a Si(111)
substrate. The influence of substrate temperature of first layer deposition on the two-
step growth procedure was firstly studied. The RT electron mobility of the InSb film
which was demonstrated on a Si(111) substrate at 420oC with a InSb bi-layer was about
20000 cm2/V s.
During my thesis, I worked and we have also published the growth and properties of
InSb films grown on GaAs and Si substrates using MBE [32; 9; 33; 34; 35]. The details
will be discussed in the next chapters.
2.2 III-V diluted magnetic semiconductors
2.2.1 Introduction
The charge, mass, and spin of electrons are the most important features in the technol-
ogy developments. Integrated circuits and high-frequency devices, which are used for
information processing and communications, have had many success using the charge
of electrons in semiconductors. Mass storage of information is carried out by magnetic
recording (like hard disks, magnetic tapes, and magneto-optical disks) using spin of elec-
trons in ferromagnetic materials. To date both the charge and spin of electrons can be
used to further enhance the performance of devices.
A new electronics, called as spintronics (spin-transport based electronics) (Fig. 2.5),
brings an ability to utilize the spin degree of the charge carriers in addition to its elec-
tronic charge. It is then possible to use the capability of mass storage and processing of
information at the same time. It is also able to inject spin-polarized current into semi-
conductors to control the spin state of carriers. This approach can be followed by in-
troducing magnetic elements into nonmagnetic semiconductors to make them magnetic.
This category is termed diluted magnetic semiconductors (DMS), in which magnetic
atoms introduced as impurities have moments on only a small fraction of all original
atomic sites (Fig. 2.6) and combined therefore magnetic with semiconducting prop-
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Figure 2.5: A schematic of spintronics. Spin, electronic and optical properties are utilized
at the same time [36].
erties. Studies of DMS have concentrated most extensively on II-VI semiconductors,
such as CdTe and ZnSe, in which the valence of the cations matches that of the com-
mon magnetic ions. This phenomenon makes these DMS relatively easy to prepare in
both bulk form and thin epitaxial layers. But it is difficult to create p- and n-type
in doped II-VI DMS, which made the material less attractive for applications. In ad-
dition, the magnetic interaction in II-VI DMS is dominated by the antiferromagnetic
exchange between the Mn spins. This results in the paramagnetic, antiferromagnetic, or
spin- glass behavior of the material. It was impossible to obtain ferromagnetic proper-
ties at low temperature in modulation doped quantum well structures based II-VI DMS
[37]. In approach, (III,Mn)V DMS are more compatible with the semiconductors used
in present-day electronics. The semiconducting properties are essentially the same as
the host III-V compound, with a change in the band gap. When Mn atom substitutes
the group III sites, it gives a local moment as well as a free hole for conduction. As
the five electrons in the unfilled 3d shell of the Mn-ion give rise to localized magnetic
moments, strongly interaction with the band electrons occurs via an exchange mecha-
nism. This terminology recognizes that Fermi statistics is the ultimate origin [38]. Some
of mechanisms, which couple localized spins in a semiconductor, have been identified.
Heisenberg’s direct-exchange [39] occurs between two local spins. It results the differ-
ence between the Coulomb energy of an antisymmetric singlet spin wave function state
and a symmetric triplet spin wave function state. Kramer’s super-exchange interaction
[40] applies to local moments that are separated by a nonmagnetic atom. While moving
from the nonmagnetic atom to an empty shell of the magnetic atom, an electron can
interact (through the direct-exchange) with electrons forming its local moment. The
nonmagnetic atom is polarized and coupled with all its magnetic neighbors (through the
direct-exchange). In (III,Mn)V materials, super-exchange provides an anti-ferromagnetic
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contribution to the interaction between Mn local moments on neighboring cation sites.
Within the Zener [41; 42] approach, a double exchange mechanism, assuming an inter-
mediate nonmagnetic atom, is given. In the context of III-V magnetic semiconductors,
this interaction occurs when Mn acceptor states form an impurity band with mixed
spd character. Thus, electrical conduction and Mn-Mn exchange coupling are both re-
alized within an impurity band. This double-exchange plays a potentially importance
role at lower Mn doping and in wide band gap (III,Mn)V materials. Other version of
Zener’s exchange is kinetic-exchange (indirect-exchange interaction). In this model, the
coupling of local moments (usually on d-shell or f-shell) is mediated by s- or p-band
itinerant carriers. Both ferromagnetic direct-exchange interaction (with band electrons
on the same site) and anti-ferromagnetic interaction (due to hybridization between the
local moment and band electrons on neighboring sites) can be happened [43; 44]. Due
to the interaction, band electrons are polarized at one site and neighboring sites. If
the band carrier polarization is weak, the celebrated Ruderman-Kittel-Kasuya-Yosida
(RKKY) mechanism, originally applied to carrier-mediated indirect coupling between
nuclear moments and between local d-shell moments in metals, is expected to dominate
[45; 46]. The potential importance of this type of mechanism is greater in (III,Mn)V
ferromagnetism, such as (Ga,Mn)As, (In,Mn)As, and Mn-doped antimonides. It is not
very clear to distinguish impurity-band double-exchange and kinetic-exchange interac-
tions. In a strong-coupling, narrow-band limit system, the former is more employed than
the latter [38].
Figure 2.6: Illustration of (Ga,Mn)As DMS. Positions of substitutional MnGa, and the
less common interstitial MnI are indicated [38].
In order to observe magnetic cooperation in III-V DMS systems, we need to introduce a
few percents or more of magnetic elements in III-V semiconductors. It was demonstrated
that the incorporation of magnetic Mn ions into III-V semiconductors is limited to
approximately 0.1% under equilibrium growth conditions. Even with this small doping
level, surface segregation and phase separation occur. However, the advances of the
non-equilibrium low temperature MBE (LT-MBE) techniques can lead to the successful
15
2 Some features of III-V narrow band gap semiconductors and DMS
growth until more than 1% Mn in GaAs-based DMS [47; 36; 48; 49; 50; 51; 46; 52; 53;
54; 55; 56; 57; 58; 59; 60; 61; 47; 62; 63; 64; 65; 66; 67; 68; 69] and InAs-based DMS
[70; 71; 72; 73; 74; 75; 76; 77; 78; 79]. More recently, several extended studies cover the
the MBE growth of related heterostructures such as (Ga,Mn)N [80; 81; 82; 83; 84; 85;
86; 87; 88], (Ga,Mn)Sb [89; 90], and (In,Mn)Sb [91; 9; 92; 93; 7; 94].
2.2.2 Review of the growth of diluted magnetic semiconductor (In,Mn)Sb
Figure 2.7: Present of hysteresis loops in magnetization measurements in In1−xMnxSb
film with x = 0.028. The field was applied perpendicular to the layer plane.
The inset indicates the Curie temperature of ∼ 9 K [95].
More recently, the research activity has focused extremely on the opposite extreme
(in term of the largest lattice constant and the smallest hole effective mass) in the III-V
based DMS: (In,Mn)Sb.
In the 1990s, the properties of (In,Mn)Sb single crystals grown using the Czochralski
method have been reported [92; 93]. The Mn concentration is below 3.5e17 cm−3. In
this crystal, Mn behaves as a shallow acceptor (activation energy Ea = 7 meV). At low
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temperature, the field-induced insulator-to-metal transition in the crystal occurs due
to a strong spin-dependent coupling between the Mn spins and holes. The Mn spins
interact each other predominately anti-ferromagnetic. A large magneto-resistance effect
and an anomalous Hall effect have been observed.
Recently, Wojtowicz et al. [7; 96; 94; 95; 97] have largely presented results obtained
on (In,Mn)Sb in both experiment as well as theory. In1−xMnxSb alloys were grown
on CdTe/GaAs hybrid substrates using LT-MBE [7; 94]. The growth temperature was
170oC for the growth of 230-nm-thick In1−xMnxSb film with the growth rate of 0.26
ml/s. Mn compositions x were obtained from Rutherford backscattering and particle-
induced x-ray emission (RBS/PIXE) to be 0.02 and 0.028. Ferromagnetic order, by the
present of clear hysteresis loops in both magnetization measurements and anomalous
Hall effect directions, was observed. No other crystallographic states (e.g., MnSb) was
seen. The Curie temperature TC ranges up to 8.5 K (Fig. 2.7). It was considered
a theoretically model, as the simplest mean-field theory, to estimate the TC due to
exchange and correlation in the itinerant-hole system [98; 99; 100]. A detailed study of
magnetic scattering processes in the sample with x = 0.02 has also investigated [97]. It
was found thatMn2+ ions locate outside the ferromagnetic ordered regions, leading to a
reflection of the positional disorder of the magnetic moments in the saturating nature of
both magnetization and magneto-resistance. The p-d exchange between spin-polarized
charge carriers and localizedMn2+ is proposed to explain the observed phenomena both
above and below the ferromagnetic phase transition.
More recently, Ganesan et al. [101; 10; 102] has also published the growth and prop-
erties of In1−xMnxSb films grown on GaAs. The films were grown with small Mn
concentrations (x = 0.0085, 0.018, 0.029, and 0.04) by nearly equilibrium technique liq-
uid phase epitaxy. With very high growth temperature of 525oC (just below the melting
point of InSb of 525.7oC), the films were deposited for the thickness between 50 and
150 µm [101]. For the sample with highest Mn composition of 0.04, SEM revealed the
presence of clusters. There was a magnetic phase change below 10 K which may orig-
inate from the ferromagnetic matrix. Meanwhile, the saturation in magnetization at
300 K was consequent of the ferromagnetic clusters MnSb, which has TC above room
temperature 300 K (TC = 587 K). Electrical properties of the films at 1.3 K and 300 K
has been given in Fig. 2.8.
Figure 2.8: Electrical properties of the In1−xMnxSb samples at 1.3 K and 300 K [101].
In1−xMnxSb films have also been grown by the horizontal Bridgman method with Mn
concentration between 0.006 and 0.04 [10]. An increase in the anomalous Hall resistivity
with Mn concentration below 30 K suggested a strong localization of carriers. The carrier
concentration also increased with dopant concentration, implying Mn atoms substitute
the In sites and create conduction holes. Similar to the case of In1−xMnxSb growth by
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liquid phase epitaxy, a magnetic ordering below 10 K due to InMnSb alloy formation and
other due to MnSb clusters have been observed. The presence of ferromagnetic clusters
with higher TC may make them important for device applications.
2.2.3 Study for achieving higher Curie temperature TC
For these DMS to be useful in device applications, the Curie temperature TC needs to
exceed 300 K. Thus, the low TC of the investigated DMS shows a serious problem in
spintronics.
The first report of TC in p-type (In,Mn)As was 7.5 K [71]. A relation between the
ferromagnetic transition and carrier localization and a Zener double-exchange process
were pointed out. As (Ga,Mn)As promises to give the highest TC in the III-V based DMS,
experiments in some of the ferromagnetic (Ga,Mn)As samples suggested ferromagnetic
rise from the Zener double-exchange associated with electrons in the unfilled 3d shell.
These samples have TC close to 50 K [103]. Later, Ohno et al. [104] presented a jump of
TC as high as 110 K in a (Ga,Mn)As sample with Mn concentration x of 0.053. It was
also found that the kinetic-exchange mechanism for ferromagnetic coupling influences on
TC value. The RKKY mechanism, which originally applied to indirect coupling between
Mn d-shell moments mediated by induced spin polarization in a free-hole itinerant-
carrier system, is proposed to dominate [105]. Recently, due to the development of
post growth annealing techniques, TC is pushed up to 173 K for 8% Mn doped GaAs
[106]. Although the discovery made it possible to do proof-of-principle experiments for
fabricating various spintronic devices, this TC is still too low for real world application.
In (III,Mn)Sb DMS system, due to weaker p-d exchange and smaller effective mass of
holes in the larger unit cell antimonide, (III,Mn)Sb is predicted to have smaller TC than
that of (Ga,Mn)As [107; 108]. The kinetic-exchange mechanism also has influence on TC
values [109]. However, (III,Mn)N and (III,Mn)P bring higher TC , even far above 300 K,
particularly in (Ga,Mn)N [108]. Sasaki et al. [110] reported a very high TC of 1000 K
in (Ga,Mn)N samples. However, it was not completely understood that this high TC is
attributed to a (Ga,Mn)N ternary alloy only or to other ferromagnetic metal contributed
in the host GaN lattice. The unclear nature of magnetic interactions in these wide-gap
DMS attracts various interests [111; 112; 113; 114; 115; 116; 117].
Efforts to obtain ferromagnetic DMS with TC higher than 300 K is not only a challeng-
ing task for experiments but also for theory, where the underlying mechanism of their
ferromagnetic properties has not been completely understood. However, it is widely
demonstrated that the dominating exchange mechanism (i.e. Zeners’s p-d-exchange and
Zener’s double exchange) leads to ferromagnetic order [119; 120]. Bergqvist et al. [118]
calculated TC of Ga1−xMnxAs as a function of Mn concentration x using the mean
field approximation (MFA-VCA) and Monte Carlo simulations (MC) (Fig. 2.9). The
percolation and disorder effects are considered to play a critical role for ferromagnetism
in this system. The calculated TC values from MC simulations (by accounting for per-
colation problems) are lower than these from MFA-VCA. One can be understood that
percolation seems to show an obstacle for high TC in DMS. Jungwirth et al. [107] also
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Figure 2.9: Calculated Curie temperatures of Ga1−xMnxAs as a function of Mn concen-
tration x using the mean field approximation (MFA-VCA) and Monte Carlo
simulations (MC) in comparison with experimental data [118].
presented mean-field theory for the estimation of TC in (III,Mn)V DMS, but accounted
for Coulomb interactions among holes in the valence band, (which enhances TC), and for
correlations in Mn ion orientations (which reduce TC) [121; 122; 123]. Transition tem-
peratures for several III-V hosts doped with 5% of Mn and with itinerant hole densities
p = 0.1 and p = 0.5 nm−3 are listed in Fig. 2.10. Recently, G. Bouzerar et al. [124]
used a semi-analytic theory, in which TC could be calculated as follows
kBTC =
2
3N0
∑
1/Fi (2.4)
where N0 is a total of classical spins, Fi is dependent of the Green’s functions for spins
on impurity sites i and j.
Predicted TC for (Ga,Mn)N and (Ga,Mn)As are shown in Fig. 2.11. A surprise that
TC of the doped GaN is always lower and falls of more rapidly than for the same concen-
tration of doped GaAs, in contrast to the results indicated above [110; 108]. Thus, the
author concluded that even if strongly p-type samples of (Ga,Mn)N are prepared, 300
K ferromagnetism is highly unlikely. These results call for explicit experimental verifi-
cation and also show the oversimplification of previous theories. From above reviews, it
should be suggested that a room-temperature TC in (III,Mn)V DMS requires a explicit
experimental verification as well as improving theories.
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Figure 2.10: Mean-field (TMFC ), exchange-enhanced (T exC ), collective (T collC ), and esti-
mated (T estC ) ferromagnetic transition temperatures in III-V host semicon-
ductors doped with 5% of Mn and with itinerant hole densities p=0.1 and
p=0.5 nm−3 [107].
2.3 Summary
This chapter is a review of fundamental characteristics and growth of narrow band gap
semiconductor InSb and (III,Mn)V DMS, with the main emphasis on (In,Mn)Sb. InSb
with a very narrow band gap of 0.17 eV, and a high room-temperature electron mobility
20
2.3 Summary
Figure 2.11: Predicted TC for (Ga,Mn)N compared to (Ga,Mn)As with different Mn
concentration x [124].
of 70000 cm2/V s provides many applications such as infrared detectors, Hall devices, as
well as fast transistors. In such semiconductor devices, the spin-dependent phenomena is
not available (or show only negligible effects) because the structures are made of nonmag-
netic semiconductors alone. On the other hand, DMS based on non-magnetic semicon-
ductors can be incorporated into semiconductor compounds based epitaxial structures
and enhance spin-dependent phenomena due to the coexistence of the magnetism and
semiconductor properties. DMS are obtained by alloying non-magnetic semiconductors
with a sizable amount (a few percents, or more) of magnetic elements, such as Mn. We
have focused on (III,Mn)V DMS. These materials have randomly located Mn local mo-
ments. They interact with itinerant carriers through exchange interactions in the valence
band. The DMS and their heterostructures have offered a wide variety of materials and
structures, which are possible to apply to spin-utilizing devices. For these applications,
Curie temperature TC should be above 300 K. The investigations for improving TC are
still in progress.
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3 Preparation of InSb/GaAs, InSb/Si, and
(In,Mn)Sb/GaAs heterostructures by
molecular beam epitaxy
In recent years, the III-V compound semiconductors InSb and diluted magnetic semicon-
ductors (In,Mn)Sb can be enabled by epitaxial methods such as metal-organic chemical
vapor deposition (MOCVD), liquid phase epitaxy (LPE), metal-organic vapor phase
epitaxy (MOVPE), and molecular beam epitaxy (MBE). It is shown that the growth
mechanism is quite complicated. The substrate orientation, mismatch, surface prepara-
tion, growth temperature, growth rate, group V flux, thickness and more other factors
of growth interruptions (such as time, temperature, doping) strongly effect on the finally
film quality.
In this chapter, I present the preparation and growth of InSb and (In,Mn)Sb struc-
tures. The relevant processes are also discussed in detail. In section 3.1, a description of
our growth system, a Riber Compact 21T MBE, is presented. Section 3.2 is followed with
the methods to prepare GaAs and Si substrates. Section 3.3 focuses on the substrate
temperature measurement and control. The information about growth rate calibrations
is provided in section 3.4. In addition, the growth conditions are discussed in particular
in section 3.5.
3.1 Riber Compact 21T molecular beam epitaxy system
MBE refers to the fluxes of constituent matrix and doping species (molecular beams)
and their reaction on the substrate in order to form an ordered overlayer (epitaxy). Vari-
ations of MBE involve metal-organic MBE, solid-source MBE, hydride-source MBE, and
gas-source MBE. Compared to other techniques of epitaxial film growth such as LPE,
MOCVD, MOVPE, and related techniques, this epitaxy provides key advantages includ-
ing the ability to control the growth to atomic monolayer dimensions and to monitor
the growth process in real time. Due to the ultra-high vacuum growth environment
of MBE, it occurs far from thermodynamic equilibrium and is mainly governed by the
kinetics of the surface process. By using some in-situ surface analysis techniques such
as reflection high energy electron diffraction and X-ray photoelectron diffraction, it is
possible to study the dynamics of the growth process itself and the formation of inter-
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Figure 3.1: The Riber Compact 21T MBE system.
faces and surfaces of epilayers. The samples examined in my thesis were grown by MBE
Riber Compact 21T as shown in Fig. 3.1. The MBE system consists three ultra-high
vacuum (UHV) chambers: Load/unload chamber, buffer chamber, and growth chamber.
Load/unload chamber is maintained under a vacuum condition in the 10−8 Torr range
by the small turbo pump and membrane pump. After the cleaning, the substrates are
placed on the substrate holders and installed on the loading cassette. In order to transfer
substrates from the loading chamber to the buffer chamber, a cassette lift is employed,
which is operated by a remote control. One substrate is then brought to the outgassing
station by a manual transfer rod and heated for at least two hours at 200oC. The vacuum
in the buffer chamber in the range of 10−10 Torr is obtained by a ion pump. After the
heating, the substrate is transferred by the manual transfer rod to the growth chamber.
The substrate is then mounted on the substrate holder in the middle of the chamber
and heated at high temperature to remove the oxide layer from the surface. The growth
chamber is maintained under UHV conditions in the range of 10−9 Torr. A big turbo
pump and an ion pump are employed to accomplish such pressure. In addition, a liquid
nitrogen cooled circulation surrounds the entire inner surface of the growth chamber and
the sources. This cryopanel causes a freezing out of remaining impurity particles in the
growth chamber. Therefore, a further improvement of the vacuum conditions is accom-
plished. Growth chamber is equipped with beam sources including solid sources and gas
sources. Solid sources contain effusion cells and cracking cells. Indium (In), Gallium
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(Ga), Aluminum (Al) as group III-elements, Silicon (Si) as n dopant, and manganese
(Mn) as p dopant and used for magnetic semiconductor materials are filled in the effusion
cells. Antimony (Sb) as group V-element is filled in the cracking cell. Each cell have a
thermocouple. By increasing the temperature, thermally induced atomic or molecular
beams of the constituent elements are created. The incorporation of a specific element
is controlled by simple mechanical shutter placed in front of the cells. Temperature and
shutter of the cells are controlled by a computer. Apart from the solid sources, group
V-elements: arsenic (As) and phosphor (P) are supplied from gases sources. A high
temperature cell is used to crack both gases arsine (AsH3) and phosphine (PH3). The
cracking temperatures for AsH3 and PH3 are usually 850oC and 920oC, respectively,
resulting in the cracking efficiency higher than 90%. The group V flux is controlled by
mass flow controller for the hydrides. Typical mass flow is around 1 sccm (which stands
for standard cubic centimeters per minute), i.e. a mass flow equivalent to 1 cm3/s at
atmospheric pressure. The hydride mass flow can be abruptly turn on and off by valves.
In addition, a shutter is placed in front of cracking cell to abruptly turn on and off the
group V beam. The group V flux has to be larger than the group III flux in order to
ensure that all group III atoms are used to form the III-V compound. An insufficient
group V flux leads to a formation of group III metal droplets which degrades the sample
surface. In addition, a motor rotates the substrate holder during the growth to obtain
an homogenous surface.
Figure 3.2: Reciprocal lattice and Ewald sphere construction illustrating refraction
effects.
To in-situ monitor the growth, the reflection high energy electron diffraction (RHEED)
is employed. RHEED is based on the reflection of electrons with high kinetic energy of
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10 to 20 keV (12 keV in our setup) and low impact angle (typically less than 5o) from
the surface of a solid. The high-energy electron beams come from the RHEED gun
and the diffracted beams are observed on a fluorescent screen forming the characteristic
diffraction patterns. Due to the glancing incidence, the incoming electrons penetrate only
the top layer of atoms of the sample. The de Broglie wavelength λ of these electrons
with high kinetic energy E of 12keV is about 0.1 Å (λ = hc/E) corresponding to a Ewald
sphere with radius k of 60 Å−1 (k = 2pi/λ). This radius is much bigger than the typical
reciprocal lattice constant of III-V semiconductors. In Fig. 3.2, the surface of the sample
is shown in reciprocal space. This reciprocal lattice builds a surface with a quadratic
array of atoms. The incident plane wave falling on the crystal has a wave vector ki
whose length is 2pi/λ. The diffracted plane wave has a wave vector ks which lies on the
surface of the Ewald sphere. In reciprocal space, the two-dimensional array of the surface
atoms turns into vertical lines, the reciprocal rods. Wherever these rods cross the Ewald
sphere, the condition for constructive interference of the elastically scattered electron
beams from the surface is fulfilled and Bragg’s Law is obeyed. Therefore, a diffracted
beam will occur. These scattered electron beams hit a fluorescent RHEED screen in
certain RHEED spots, lying on a semi-circle. However, due to the energy spread of the
incident beam and the deviation of real crystal from the translation symmetry in the
surface, both the reciprocal lattice rods and Ewald circle seem to be thicker. Hence, the
diffracted pattern of a flat surface are usually streaky (Fig. 3.3a). If the sample surface
is rough or consists some three dimensional morphologies, the incident beam loses its
energy because of the electron transmission diffraction. Therefore the streaky diffraction
pattern is replaced by spots as seen in Fig. 3.3b.
Figure 3.3: RHEED patterns of (a) two dimensional surface and (b) three dimensional
surface, respectively.
Because of the phenomenon of surface reconstruction, (a re-ordering of the outermost
atomic layers of a crystal to reduce the energy of the free surface), RHEED is one of
the most helpful in-situ surface analysis techniques during MBE growth [125]. Each
of the reconstructions, that a given surface can support during deposition, can only be
maintained over a limited range of flux ratios and substrate temperatures at a given
growth rate. Thus, surface reconstruction is extremely useful as a system-independent
monitor of the MBE growth conditions. I used some applications of the RHEED such
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as:
* Monitoring the temperature of oxide desorption from the substrate prior to growth.
The RHEED pattern changes from bulk streaks or a diffuse glow to a sharply recon-
structed surface when the surface oxides are desorbed from the substrate. For GaAs
substrate, for instance, the oxide desorption temperature is well defined at 580oC [126].
This issue will be presented in section 3.2.
* Setting up specific growth conditions, in particular with respect to clearly defined
transitions in the surface reconstruction. For example, with a given beam equivalent
pressure (BEP) ratio, the transition of surface reconstruction of GaAs is also defined
[127]. In releasing the problems of substrate temperature measurement, this application
of the RHEED is also useful. More detailed information will be provided in section 3.3
* Calibrating the growth rates and flux monitors by measuring the RHEED intensity
oscillations. The maxima of intensity always corresponds to a smooth surface when a
single monolayer is completely deposited. A high diffuse scatting with a reduction of
the RHEED intensity means the deposition of the monolayer is not complete. For GaAs
(001) substrate, the period of the RHEED intensity oscillation reveals exactly the growth
of a single monolayer (equals half the lattice constant). This issue is presented in section
3.4.
* The quality of the deposited layer is also observed by the RHEED. While the streaky
RHEED pattern refers to a flat surface, the spotty RHEED pattern corresponds to a
rough surface or a surface with three dimensional islands. The involved results will be
discussed in chapter 4 and 5.
Figure 3.4: RHEED patterns of GaAs (001) substrate recorded at (a) 470◦C, (b) 510◦C
and (c) 580◦C, during the oxide desorption.
3.2 Substrates preparation
InSb has potential applications in high speed devices, infrared detectors and magnetic
sensors. For these applications, InSb thin films should be grown on semi-insulating
infrared transparent substrates. Although, there is a large lattice mismatch (14.6%)
with InSb, GaAs is still an attractive substrate material due to its chemical stability
and high resistivity. Besides, the replacement of native oxides with deposited oxides
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Table 3.1: Wet cleaning conditions for Si wafer. HC, MC, NOL, and TVCO stand for
hydrocarboneous contaminations, metallic contaminations, native oxide layer,
and thin volatile chemical oxide, respectively.
Process condition Temperature Time Results
C2HCl3 (trichlorethylene) 90oC 5 min Removal of HC
C3H6O (acetone) 20oC 5 min Removal of HC
CH3OH (methanol) 20oC 5 min Removal of HC
NH4OH, H2O2, H2O 80oC 10 min Removal of Particles
HCl, H2O2, H2O 80oC 10 min Removal of MC
HF (hydrofluoric acid 49%) 20oC 2 min Removal of NOL
HCl, H2O2, H2O 80oC 10 min Growth of TVCO
in complementary metal-oxide semiconductor (CMOS) technology opens the door to
replacing the Si with semiconductors without high-quality native oxides. It has been
shown that the structure quality, orientation and morphology of epitaxial films depend
strongly on the stoichiometry and reconstructions of the used substrates. Therefore, to
achieve high quality reproducible epitaxial films, substrate surface preparation should
be done with utmost care. In my work, I used GaAs (001) and vicinal Si (001) offcut by
4o toward (110) substrates for the study. In the case of GaAs substrates, the substrates
with 107 Ωcm resistivity at 22oC protected by a grown oxide layer on the surface, are
first etched using standard wafer cleaning procedures before being loaded in to the MBE
system. The last step of cleaning procedures is baking substrates at 200oC in outgassing
station for at least two hours to desorb the water. Just before growth, the thin, protective
oxide layer on the substrate surface was desorbed at 580◦C under ultrahigh vacuum in
growth chamber with antimony flux. The oxide desorption from the GaAs surface is
monitored by the RHEED while heating substrate at a rate of 10o/min. The RHEED
evolution of the GaAs substrate is shown in Fig. 3.4. At 470◦C, the RHEED pattern
shows an unsharp elongated streaks due to the amorphous oxide layer as seen in Fig.
3.4a. A (2×1) reconstruction is obtained at 510◦C (Fig. 3.4b) and a high intensity
(2×4) reconstruction corresponding to the bulk GaAs reflections, appears immediately
after the oxide layer is completely desorbed at 580◦C (Fig. 3.4c).
In the case of Si substrates, hydrocarboneous molecules and native oxide layer in Si
substrates are the major contaminants that need to be eliminated in order to get a clean
surface [128; 129]. They affect subsequent epitaxial growth in two distinct ways: inter-
ference with the initial nucleation process and possible contamination of the epitaxial
layers. The hydrocarboneous contaminations are often eliminated by degreasing of the
surface with boiling trichlorethylene (C2HCl3) then rinse acetone, methanol, and deion-
ized H2O. The process to remove particle and metallic contaminations has been known
as RCA process (first in solution of NH4OH,H2O2, H2O, then HCl, H2O2, H2O).
The native oxide layer in Si substrates has a typical thickness of 1.5 nm. It is now
well established that etching of the silicon surface in concentrated or dilute hydrofluoric
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acid solutions can remove any oxide layer. The chemical reaction follows:
SiO2 + 4HF = SiF4 + 2H2O (3.1)
Finally, to protect the clean surface from any contamination and formation of non
volatile SiO2 due to expose to air while being transferred from wet chemical process to
the MBE, a thin volatile oxide layer is grown. The different cleaning processes charac-
terized are described in detail in Tab. 3.1.
Figure 3.5: [110] and [1-10] RHEED patterns of Si (001) offcut by 4o toward (110) sub-
strate reconstruction recorded at (a) 380◦C, (b) 430◦C, (c) 850◦C, and (d)
950◦C.
After the chemical preparation of the substrate, the substrates are loaded immediately
into the MBE system. Prior to the oxide removal, the substrate is heated to 200oC for
at least two hours, to desorb the water in outgassing station. This step is done to
ensure the cleanliness of the growth chamber and to keep the contamination low. The
substrate is then transferred to the growth chamber for next thermal treatments. SiO2
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thermal desorption takes place by heating Si substrate at 760oC < TS < 950oC during
tenths of minutes. A high temperature treatment (∼ 950oC) of the Si substrates seems
to be required to produce a certain terrace distribution in the Si surfaces in order to
suppress antiphase domains during III-V epitaxial growth [130]. A detailed description
of the thermal treatments and substrate reconstructions observed by RHEED are shown
in Fig. 3.5. After the substrate temperature had been increased to about 850oC, the
surface showed a clear (2×4) reconstruction and appeared to be free of oxide as seen
in Fig. 3.5c. When the substrate temperature reached 950oC, a (2 × 1) reconstruction
appears, indicating a dominance of double-height steps [128] (Fig. 3.5d).
Figure 3.6: Correlation of eurotherm display and substrate heater power.
3.3 Substrate temperature measurement and control
One of the important features of the MBE growth technique is substrate temperature.
It impacts on the incorporation of alloy semiconductors background impurities and lat-
tice defects as well as interface roughness of heterojunction and surface morphology. In
practice, the substrate temperature is strongly affected by various factors, including the
backside finish of the substrate, the substrate holder, and the doping of the substrate. In
the Riber Compact 21T MBE system, a backing plate with a thermocouple is mounted
above the substrate holder in the vertical direction. By application of heating power,
the temperature of the backing plate will be seen on the eurotherm control display. The
temperature, therefore, is measured not directly at the the substrate but at the backing
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Figure 3.7: Correlation of eurotherm display and real substrate temperature via transi-
tion of GaAs surface reconstructions.
plate. It is usual, therefore, to move the backing plate as close as possible to the sub-
strate before heating. It is common for the thermocouple temperature to differ by several
tens of degrees from the actual substrate temperature when using such arrangements.
Therefore, one has to distinguish between real substrate temperature and the tempera-
ture displayed in the MBE control panel. This would not be a problem if a correlation
of eurotherm control display and the substrate heater power is used. By siting the same
substrate heater power, the same substrate temperature condition is kept for everytime
of the growth (Fig. 3.6). A substrate thermocouple can be calibrated against the melt-
ing points of certain eutectic affixed to, or deposited onto, the substrate. However, it is
more common to reference temperatures to oxide desorption temperatures. For instance,
the oxide desorption of GaAs substrate can be a well defined at 580oC [126]. It is also
possible to check substrate temperatures against changes in surface reconstruction. The
RHEED can be employed to determine the real substrate temperature by observing the
transition of surface reconstructions. Figure 3.7 shows the transitions of GaAs surface
corresponding to eurotherm display and real substrate temperatures. I observed a tran-
sition between an unsharp elongated streaks (may be c(4×4) reconstruction [125]) to
a (2×1) reconstruction 510◦C. The (2×1) reconstruction was then replaced by a (2×4)
reconstruction at 580◦C, immediately after the oxide layer is completely desorbed (see
Fig. 3.4 in section 3.2 for the obtained RHEED patterns). Repeated measurements of
this phenomena generally show several fixed temperatures to find the desired real sub-
strate temperature [131; 128; 132]. Other method to measure the substrate temperature
is using infrared pyrometry [125]. It allows to measure the substrate temperature di-
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rectly. It is also possible to calibrate source temperatures against a pyrometer. There
are some cautions for using a pyrometer to measure substrate temperatures. A short
wavelength pyrometer should be employed when using direct radiant heating. Because
it avoids the transparency window of most commercially important semiconductors. For
instance, a pyrometer operating at wavelengths below 0.95 µm is required for use with
GaAs at growth temperature range of 450 - 750oC. However, a long wavelength pyrom-
eter may be used with In mounting systems, e.g., by measuring temperature of the In
solder through the substrate. When using a short wavelength pyrometer, it is necessary
to eliminate the reflections of hot filaments, evaporation sources and stray lighting from
the substrate. It may be also necessary to compensate for fogging of the pyrometer port
caused by deposition from background pressures of, for example, arsenic in III-V MBE,
or from materials sublimating from the substrate. In our MBE system, the measured
temperature from a short wavelength pyrometer is normal about 40o lower than that
from the eurotherm display.
3.4 Growth rate calibrations
Figure 3.8: Growth rate of In archived from X-Ray measurements.
Other important feature of the MBE growth technique is the growth rate. The growth
rate stands for amount of deposited material in term of layer thickness per unit time.
Changes in the growth rate have a significant impact on the incorporation of alloy semi-
conductors, background impurities and lattice defects as well as interface roughness of
heterojunctions and surface morphology. There are several methods to determine the
growth rate such as using the RHEED intensity oscillation, X-ray or the measurements of
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carrier concentration and thickness. The physical origin of the RHEED intensity oscilla-
tion lies in the fact that the maximal of intensity always occurs for smooth surface when
a monolayer is completely deposited. Thus, the period of such oscillation corresponds
exactly to the growth of single monolayer. In case the deposition is not totally finished,
the surface is atomically rough, resulting a higher diffuse scattering and reduction of the
RHEED intensity. In my work, to obtain the growth rate of In, InPAs/InP superlattices
were grown on InP substrate at different temperature of In cell and analyzed by X-ray
measurements. The obtained thickness of a period over the growth time show exactly
the growth rate of In. The same method is used to calibrate the Ga and Al growth
rate by growth GaAsP/GaAs superlattices and AlAsP/AlAs superlattices on GaAs sub-
strate, respectively. In order to get the growth rate of Si dopant, doped bulk InSb is
grown and the carrier concentration is measured by Hall measurement. For Mn, it is
not possible to apply the similar method to Si, because the obtained hole concentration
from Hall measurement is just approximately to the substitutional Mn density, but Mn
can be at interstitial sites. Secondary ion mass spectrometry measurements or energy
dispersive X-ray spectroscopy are much better to give the Mn concentration. Another
ability I used to determine the Mn concentration corresponds to the Mn/In flux ratio,
and confirmed by using a dynamical simulation of rocking curve analysis [133]. The
experimental growth rate of each solid element In, Ga, Al and Si archived from X-Ray
and Hall measurements for the studied samples is then plotted in Fig. 3.8, 3.9, 3.10, and
3.11, respectively. It is seen that the growth rate is followed a function of its effusion
cell temperature, and is given by:
R(ML/s) = exp(T − To)/s (3.2)
where To and s are constants depending on the element and its physical state as well as
the geometry of the cell.
3.5 Growth conditions of InSb/GaAs, InSb/Si and
(In,Mn)Sb/GaAs
I carried out the growth of InSb/GaAs in a Riber Compact 21T MBE system equipped
with RHEED. The semi-insulating (001) GaAs substrates with 107 Ωcm resistivity at
22oC were first etched using standard wafer cleaning recipes before being loaded in to
the MBE system. In the MBE system the indium beam is provided by conventional
effusion cell and the Veeco valved antimony cell is cracked with temperature between
800oC - 900oC. Immediately prior to growth, the thin oxide layer on the substrate surface
was desorbed at 580oC under ultrahigh vacuum in growth chamber with antimony flux.
Then the substrate temperature was decreased to the desired temperature for the growth
of about 2 µm-thick InSb films. The samples were grown under the Sb/In flux ratio of
about 5.6 and the growth rate of 2 Å/s but at various growth temperatures from 280oC
to 350oC. A (2×4) reconstruction of RHEED pattern was observed during the growth
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Figure 3.9: Growth rate of Ga archived from X-Ray measurements.
Figure 3.10: Growth rate of Al archived from X-Ray measurements.
of InSb films. After the growth the InSb films, the temperature was decreased to about
200oC under the antimony flux.
I also investigated the growth of InSb on Si substrate. The Si substrate (p-type,
with 50-80 Ωcm resistivity) 4◦ offcut (001) toward (110) were prepared using the Si
wafer cleaning procedures (as given in section 3.2) before being loaded into the MBE
system. The substrate temperature had been increased to Ts = 950oC to obtain a
surface characterized by double-height steps, which displayed by (2 × 1) of RHEED
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Figure 3.11: Growth rate of Si archived from Hall measurements.
pattern. After cooling the substrate to the intended growth temperature for InSb, the
substrate exposed to Sb, resulting in a change in Si surface reconstruction from (2×1) to
(1×1). The (1×1) reconstruction remains throughout the subsequent InSb deposition.
InSb was deposited with Sb/In flux ratio of about 5.6 and growth rate of 2 Å/s. I have
investigated growth temperatures between 280 and 400oC. To prevent the formation of
the defects we also used the insertion of various buffer layers between substrate and
active InSb layer such as AlSb, GaAs and GaSb/AlSb superlattice to reduce the lattice
mismatch. Structures grown on GaSb/AlSb superlattice show the best crystal quality. In
these samples, after cooling the substrate temperature to the InSb growth temperature,
a buffer layer consisting of 0.06 µm GaSb/AlSb superlattice was incorporated between
substrate and 2 µm InSb layer. After the growth the InSb films, the temperature was
decreased to about 200oC under the antimony flux.
In order to observe magnetic cooperative phenomena in DMS system, one needs to
introduce a sizable amount of magnetic elements. MBE could offer doping in excess of the
thermodynamic solubility limit, segregation of impurities during growth. Typical MBE
growth of (In,Mn)Sb films were carried out by using solid sources In, Sb, and Mn, without
intentional doping. Mn provides both localized spins and holes because of its acceptor
nature. Epitaxial (In, Mn)Sb films were grown on semi-insulating epiready (001) GaAs
substrates using the optimum growth conditions as those for the best InSb/GaAs sample.
Before initiating the Mn flux, 0.5 µm strain-relaxed thick InSb buffer layer was grown at
temperature of 310oC. A (2×4) reconstruction of RHEED pattern was observed during
the growth of InSb film. The growth of 0.5 µm (In,Mn)Sb layer could be initiated
by simply commencing the Mn flow during the InSb growth and keeping the substrate
temperature Ts constant at 310oC. No special precautions are necessary at the start
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of (In, Mn)Sb growth. The RHEED of (In,Mn)Sb layers also shows the well-known
(2×4) pattern. Samples were used in this study with the various Mn concentrations
corresponding to the different temperatures of the Mn effusion cell from 420oC to 670oC.
After the growth, the temperature was decreased to about 200oC under the antimony
flux. The Mn concentrations were estimated from the Mn/In flux ratio, and corrected
by using a dynamical simulation of rocking curve analysis after the growth to be smaller
than 1%. Both θ − 2θ symmetric (004) and asymmetric (115) reflection rocking curves
were used together with simulated curves to estimate the average Mn content in the
samples. The experimental evidence of the process is given in chapter 5.
3.6 Summary
InSb/GaAs, InSb/Si and (In,Mn)Sb/GaAs systems were prepared by Riber Compact
21T MBE. For optimizing the growth, several parameters should be considered as follows:
substrate cleaning, substrate temperature, beam equivalent pressure ratio, growth rate,
V/III flux ratio, buffer layers. For my own samples, the Sb/In flux ratio of about 5.6 and
the growth rate of 2 Å/s were chosen. In the case of growth on Si substrate, GaSb/AlSb
superlattice as buffer layer should be introduced to prevent the formation of the defects.
The growth of (In,Mn)Sb with different temperatures of the Mn effusion cell to get
different Mn compositions.
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measurements and properties
In this chapter, the properties of the investigated samples will be discussed. Results
for both material system InSb/GaAs as well as InSb/Si will be presented in details.
To analyze the samples, diverse techniques have been applied such as reflection high
energy electron diffraction (RHEED), atomic force microscopy (AFM), scanning elec-
tron microscopy (SEM), and x-ray diffraction (XRD), Hall measurements, transmission
spectroscopy, and noise spectroscopy. These methods used for characterization are also
described in details. Section 4.1 will deal with the analysis of InSb/GaAs system, while
section 4.2 is giving the results of InSb/Si heterostructures. Both systems will be com-
pared.
4.1 InSb/GaAs system
The examined InSb/GaAs samples were grown under the growth conditions as presented
in chapter 3, section 3.5 1. In addition, a schematic depiction of the structure is shown
in Fig. 4.1.
Figure 4.1: Schematic depiction of the structure InSb/GaAs.
1The temperatures are mentioned in this chapter as real substrate temperatures.
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4.1.1 Surface structures
From RHEED
Figure 4.2: RHEED (2×4) reconstruction of InSb surface grown at 310oC on GaAs (001).
As discussed in section 3.1, RHEED is one of the most important in-situ surface anal-
ysis method during MBE growth. When the first InSb monolayers have been deposited,
the RHEED pattern had become spotty, indicating the three-dimensional growth be-
cause of the 14.6% lattice mismatch between InSb and GaAs substrate. After typically
100 Å, the spotty RHEED pattern was changed to streaky pattern for a smooth surface,
indicating two-dimensional growth. The surface reconstruction was then (2×4) for the
rest of the growth. Figure 4.2 displays the RHEED pattern with a streaky well-defined
(2×4) reconstruction of InSb surface which observed throughout growth of InSb layer at
310oC. The image on the left is obtained with the incident electron beam along the (110)
direction, while the image on the right along (1-10). The sharp streaky RHEED pat-
tern suggested a superior quality heteroepitaxial growth of InSb crystal. The RHEED
patterns obtained from other InSb films, which were grown at temperature range from
280oC to 350oC, also showed similar (2×4) reconstruction and hence are not presented
here. The surface of all samples was always mirror-like.
From atomic force microscopy (AFM)
Setups
Beside RHEED, atomic force microscopy (AFM) is extensively employed to study
the surface morphology of the samples in atomic levels. The sample is mounted on a
piezoelectric tube. This tube can move the sample in the z, x and y directions. The AFM
works by scanning a fine semiconductor tip over a sample surface. The tip is positioned
at the end of a cantilever. When the tip is nearly come to a sample surface, forces
between the tip and the sample lead to a deflection of the cantilever. The magnitude
of the deflection is captured by a laser that reflects at an oblique angle from the very
end of the cantilever. A plot of the laser deflection versus tip position on the sample
surface provides the resolution of the hills and valleys that constitute the topography of
the surface. In most cases, it is necessary to adjust the distance between the tip and the
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Figure 4.3: left: Schematic (reproduced from www.wikipedia.org) and right: Overview
of our AFM.
scanned sample in the z direction. Because if the tip were scanned at a constant height,
it would collide with the surface and may break. The sample surface is first scanned in
the x direction. After a completely scanned line in the x direction, the scanner moves
with a small step into the y direction to scan the next line. Figure 4.3 (left) illustrates
the functional principle of an AFM, while figure 4.3 (right) is our AFM system
Results
Figure 4.4: The AFM scans of the InSb film grown at 310oC on GaAs. left: 10 µm ×
10 µm scan in 2D. right: 5 µm × 5 µm scan in 3D.
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Figure 4.4 shows AFM topographs of the InSb film grown at 310oC on GaAs. The
surface of the grown InSb film has well-interconnected surface features. The average
atomic height difference of the film deduced from the 3D image is about 100 nm, which
is low enough for a flatness of the film. In an earlier work, Davis et al. [134] reported the
growth of 2-5 µm-thick InSb on GaAs (100) substrate, also using the two step growth
conditions (for more detail see chapter 3). The films revealed a set of rectangular features
5-10 µm on a side. However, we found no rectangular defect pattern on the grown surface.
It was believed that with optimization of growth conditions, the defect density reduces
in regions away from the InSb/GaAs heterointerface [135].
From scanning electron microscopy (SEM)
Setups
Figure 4.5: left: Schematic diagram of SEM (from www.wikipedia.org) and right: Our
SEM Jeol JSM 6360 system.
The structural characterization is also studied using scanning electron microscope
(SEM). A high-energy beam (about 2-50 keV) of electrons is used to scan the sample
surface. The electrons will interact with the atoms. Due to the variation in the intensity
of emitted electrons from the surface, the sample produces signals that contain informa-
tion about the surface topography of the sample, composition and other properties such
as electrical conductivity.
Figure 4.5 (left) shows a schematic diagram of SEM. In a typical SEM, an electron
beam is emitted from an electron gun fitted with a filament cathode. It is focused by
one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam
then passes through deflector coils and interacts with the sample. Due to the energy
exchange between the electron beam and the sample, three things can happen: reflection
of high-energy electrons by elastic scattering, emission of secondary electrons by inelastic
scattering, and the emission of electromagnetic radiation. Each of which can be detected
by specialized detectors. Signals are displayed as variations in brightness on a cathode
ray tube. The image can be digitally captured and displayed on a computer monitor
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and saved to a hard disk. In my work, I used the SEM Jeol JSM 6360 (pictured in Fig.
4.5 (right)). It uses electron beam line Raith ELPHY PLUS (0.5 to 30 kV) to image a
sample in vacuum with resolutions down to 3.0 nm at 25 kV. It can view specimens by
secondary electron imaging (SEI), backscatter electron imaging (BSEI).
Figure 4.6: SEM micrographs of the sample grown at 310oC. top: cross-sectional view
and bottom: plan view.
Results
The cross section SEM micrograph of the film (cleaved sample) grown at 310oC as seen
in Fig. 4.6 (top) reveals the smooth surface and the sharpness of the interface between
the InSb layer and the GaAs substrate. The film thickness is also detected to be ∼ 2
µm. However, the detailed scan on the surface (Fig. 4.6 bottom) shows the formation
of small defects, of about 5 µm in length. It may be related to excess antimony [136]
during cooling the growth temperature after the growth under the antimony flux.
4.1.2 Crystal diffraction
Setups
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Figure 4.7: QC1a symmetric (004) reflection geometry. θB is the Bragg angle of the
beam conditioner block and sample [137].
Figure 4.8: Asymmetric (115) reflection geometry. θB is the Bragg angle of the beam
conditioner block, θ′B is the Bragg angle for the (115) reflection, φ is the
angle between the (115) planes and the (004) planes and θi is the angle of
incidence [137].
The crystal quality of the InSb films can be obtained from the x-ray diffraction (XRD)
measurements. In my work, I used a Bede scientific QC1a diffractometer [137] to per-
form the measurements. This device uses double crystal XRD to remove the divergence
characteristics of the x-ray beam from a compact 60 W air cooled x-ray source. Refer-
ence crystal GaAs is mounted in interchangeable, pre-aligned beam conditioner block.
The close coupling of the reference crystal to the x-ray source and the short beam path
within the instrument lead to surprisingly high peak count rates of more than 40000 cps
for a quarter of the full power setting of the tube. Samples to be analyzed are mounted
horizontally, with no adhesives, on detachable sample cassettes. A full 150 mm of X and
Y travel for area mapping, as well as 32o of tilt, 10 mm of hight adjustment and 360o
of rotation are built in to the QC1a. Data is collected by scanning both the sample and
detector in the 1:2 ratio (θ-2θ)). Figure 4.7 and 4.8 show the experimental geometry
on the QC1a required for both a symmetric (004) and an asymmetric (115) reflection,
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respectively.
Results
Figure 4.9: θ-2θ scans of InSb/GaAs films at 350oC, 330oC, 290oC, and 310oC.
The (004) double-crystal x-ray (DCXR) patterns of InSb/GaAs films grown at various
growth temperatures are shown in Fig. 4.9. In all patterns, only peaks due to InSb and
GaAs were observed. But the InSb peak is much wider than the GaAs peak, considering
that the InSb layer is less consistent than the substrate. The InSb films were strongly
oriented in (001) direction on the substrate and the InSb (004) peaks appeared with
strong intensity. The intensity increased as the growth temperature decreased until
310oC. But it decreased with the decrease in the growth temperature below 310oC. For
the sample grown at 310oC, the InSb (004) peak exhibits the highest intensity and the
full width at half maximum (FWHM) reduced to about 380 arcsecs compared to 439,
494, and 549 arcsecs at 290oC, 330oC, 350oC, respectively. These DCXR results imply
that the substrate temperature around 310oC is suitable to grow InSb/GaAs with good
crystal quality.
In addition, the strain were deduced to be smaller than 0,05%, indicating the films
all were near 100% relaxed. As discussed in section 2.1, this can be understood that
when the film is thick enough, the strain energy builds up to a point where it becomes
energetically favorable to form misfit dislocations. At this point, the initially strained
film would ideally decompose to a relaxed structure where the generated dislocations
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relieve a portion of the misfit.
4.1.3 Electrical properties
In order to assess the transport properties, it is necessary to determine the resistivity ρ
and carrier density n. The combination of ρ and n then allows to determine the mobility
µ. In my thesis, I used van de Pauw (vdP) method to investigate direct current transport
properties, in which only four sufficiently small contacts placed at the corner of square
shaped sample are required [138].
Setups
Figure 4.10: Two square shaped vdP samples mounted on the sample holder, correspond-
ing to a schematic of simple square geometry with contacts A, B, C, D in
the corners.
Indium contacts with small dimensions in comparison with the length of sample edge
(4 mm) were made at corners of the sample by annealing at 200oC for 2 minutes. The
contact resistances were measured and found to be approximately the same. The con-
tact size can influence on measured resistivity by correction factors, which originally
calculated by van der Pauw [138]. 30-µm-Au wires were pressed in the contacts in order
to connect the sample with a sample holder. The sample was then glued on the sample
holder(there is a small isolated plastic tape between sample and sample holder) and
wired. It is possible to mount two samples on the sample holder. The sample holder was
contacted with soldering tin and wired (Fig. 4.10). Subsequently, it was placed on the
sample holder mount, which is equipped with a heater and a thermocouple. A closed-
cycle helium cryostat, which is placed in a water-cooled Helmholtz coil, is for cooling
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down temperature. The voltage limit was set to 5 V, while 0.5 T for the magnetic field
B and 9 - 300 K for the temperature range. The current was individually adjusted to
the resistance for all samples. Before the measurement, the sample chamber was evac-
uated. Six cycles of measurements were taken for averaged results. The measurements
are controlled using a LabView programme.
Definitions
The resistivity ρ is given by the ratio of electric field E and current density j and is
the inverse of the conductivity σ
ρ = E
j
= 1
σ
(4.1)
and it corresponds to the relationship between carrier density and mobilities µ
ρ = 1
e(nµn + pµp)
(4.2)
where n and p are electron and hole concentrations, respectively, while µn and µp
are their respective mobilities. If the system has only electrons here, then the formula
should be
ρ = 1
enµn
(4.3)
The Hall coefficient RH is obtained from a combination of four-terminal resistances
RAC,BD (the contact points A, B, C and D are marked in Fig. 4.10) measured once with
and without magnetic field B
RH =
RAC,BD(B)−RAC,BD(B = 0)
B
(4.4)
The carrier density n relates to the Hall coefficient RH by
n = −1
qRH
(4.5)
For two-layer system it should take the form
RH =
d(RHbσ2bdb +RHsσ2sds)
(σbdb + σsds)2
(4.6)
where the subscripts b and s refer to the bulk and surface, respectively, σ is conductiv-
ity and d = ds + db is total thickness [139]. For a bulk semiconductor with simultaneous
electron and hole conduction the Hall constant RHb and conductivity σb are given by
RHb =
pµ2h − nµ2e
q(pµh + nµe)2
(4.7)
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σb = σe + σh = q(nµe + pµh) (4.8)
where n(p) is electron (hole) concentration, µe (µh) is electron (hole) mobility [11].
The temperature dependence of n and p are given by the equation
n = p = 4.28× 1015T 1.5(memh/m2)3/4 exp(−Eg/2kT ) (4.9)
where m is the mass of the electron in free space, me (mh) is the effective mass of
the electron (hole) [140]. For InSb, me=0.014m and mh=0.43m. The band gap, Eg, is
taken to vary with the temperature according to
Eg = 0.24− 6× 10
−4T 2
T + 500 (4.10)
First, we assume that the surface layer consists of electrons and the surface layer is
much thinner than the bulk layer. Therefore, the following identities are exposed
d = db, RHs =
−1
qns
, σs = qnsµs (4.11)
dsns = Ns (4.12)
where µs (ns) is electron mobility (concentration) of the surface layer, Ns is the sheet
electron concentration. Second, Ns is assumed to be temperature independent and to
have a value of 3.6e12 cm−2. Third, we assume that
µe
µh
= µs
µh
= mh
me
= 0.430.014 = 30 (4.13)
We can then write the Hall constant in the form
RH =
d
q
d[p− n( µeµh )2]−Ns(
µs
µh
)2
{d[p+ n( µeµh )] +Ns(
µs
µh
)}2 (4.14)
RH = −1.25× 1015 1798× 10
−4n+ 32.4× 1014
(62× 10−4n+ 10.8× 1013)2 (4.15)
If we insert the form of n, we have the temperature dependence of the Hall constant,
which will be discussed in the next section.
Results
Figure 4.11 shows the experimental carrier concentration as a function of measured
temperature for InSb/GaAs samples grown at 290oC, 310oC, 330oC and 350oC. All
samples are n type in the entire temperature range. The experimental results were then
compared with the the calculation of the carrier concentration for the 2 µm-thick InSb
films (the black curve), where m is the mass of the electron in free space, me (mh) is the
effective mass of the electron (hole) [140]. For InSb, me=0.014m and mh=0.43m. The
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Figure 4.11: Temperature dependence of experimental carrier concentration in
InSb/GaAs films grown at different temperatures. The theoretically black
curve is inserted for comparison.
band gap, Eg, is taken to dependence of the temperature according to
Eg = 0.24− 6× 10
−4T 2
T + 500 (4.16)
It can be seen that the experimental curves fit quite well to the expression of the inverse
Hall constant. Below 200oC, the carriers concentration is quite constant indicating that
there are no more intrinsic carriers. Hence these carriers are due to the ionized impurities
(scatterers). Above 200oC, the carrier concentration increases gradually. Because the
electrons are much lighter than holes, there is a finite possibility that electrons can
reach the conduction band and contribute to electrical conduction (n-type) in the Hall
measurements and will give the sign of the Hall constant at ordinary temperatures. For
the InSb layer grown at 310oC, the electron concentration is lowest.
The temperature dependence of measured Hall mobility as shown in Fig. 4.12 is almost
identical. The highest measured 300 K Hall mobility as 41100 cm2/Vs is observed in the
sample grown on GaAs at 310oC. It is evident that the electron mobility decreased with
measurement temperature in the samples. According to Matthiessen’s rule, the electron
mobility of InSb layer, µ, can be related to µb and µd, as follows
1
µ
= 1
µb
+ 1
µd
(4.17)
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Figure 4.12: Temperature dependence of Hall mobility in InSb/GaAs films grown at
different temperatures.
where µb is the intrinsic electron mobility of the bulk material and µd is the mobility
limited by dislocation scattering. Electrons can be scattered by the depletion potential
around the dislocations and the lattice dilatation associated with the dislocations. Using
the Pödör and Dexter-Seitz models [141; 142], Weng et al. [143] found that the domi-
nant factor limiting the electron mobility was the lattice dilatation scattering, which is
apparently consistent with the predictions of the Dexter-Seitz model. According to this
model, the mobility limited by deformation potential scattering µd is inversely propor-
tional to the edge dislocation density D. These results, therefore, show a quantitative
correlation between increasing dislocation density and decreasing electron mobility. The
dislocation scattering increases as the temperature decreases since the screen effect of
free carriers decreases. Therefore, the degradation of electron mobility is observed at low
temperature. The electron mobility for the sample grown at 330oC is 30800 cm2/Vs and
19500 cm2/Vs at 300 K and 77 K, respectively. However, for sample grown at 290oC,
the 300 K mobility was found higher but changed significantly when measurement tem-
perature decreased. We obtained mobilities of 33000 and 13800 cm2/Vs at 300 K and
at 77 K (reduced 57% compared to 36 % for sample grown at 330oC), indicating more
defects formed due to unsuitable growth temperature. For the sample grown at 310oC,
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the 300 K electron mobility improved to 41100 cm2/Vs, corresponding to 2.9e16 cm−3
of carrier concentration. The 29.6% reduction of electron mobility as the temperature
decreased was smallest, suggesting the good quality of the film. This highest mobility
in my sample is higher than the mobilities reported for 2 µm MBE InSb grown directly
on GaAs samples done by other groups [26; 143].
The samples grown at 310oC and 350oC show the same carrier concentration at low
temperatures (Fig. 4.11, the green and orange curve) - thus the same number of ionized
impurities - but markedly different mobilities. Apparently this mobility difference can
not be an effect of carrier concentration or ionized impurity concentration. Thus it is
due to dislocation scattering with different dislocation density and not due to ionized
impurity scattering. Generally, the mobility due to ionized impurity scattering scales
with the concentration of ionized impurities. The low temperature (< 150 K) carrier
concentrations in my samples are ∼1.6e16 cm−3 (310oC, and 350oC sample) and ∼2e16
cm−3 (290oC and 330oC sample) which would correspond to a change of mobility due
to ionized impurity scattering by maximum 25%. Clearly, the low temperature mobility
(low temperature chosen to excludes the influence of intrinsic carriers on mobility) of the
310oC-sample is larger by far above 25% compared to the mobilities of the 290oC- and
330oC- sample (the samples with the higher carrier concentration at low temperature).
The higher mobility of the 310oC-sample can thus not be explained by ionized impurity
scattering only - there has to be clearly an increase of mobility due to reduced dislocation
scattering.
Figure 4.13: Measured 300 K electron concentrations and mobilities corresponding to
the growth temperatures and Sb/In flux ratios.
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4.1.4 Effects of growth temperature and Sb/In flux ratio on the electrical
properties
It is well-known that substrate temperature and V/III ratio are two vital parameters in
obtaining both good surface morphology and electronic mobility. I grew many samples
at different temperatures and different Sb/In flux ratios for this study. Figure 4.13
presents the electron concentration and mobility at 300 K of nine samples with different
growth temperature and different Sb/In flux ratio. The growth temperature and Sb/In
flux ratio range vary from 280oC to 350oC and from 2 to 8, respectively. It can be
seen that, small changes in growth temperature, 10oC, produce large changes in electron
mobility as well as electron concentration. The mobility is improved significantly when
growth temperature increases up to 310oC. The highest mobility is measured for the
sample grown at 310oC and a corresponding beam flux ratio Sb/In of 5.6. This sample
also shows the lowest electron concentration of ∼2.9e16 cm−3. Over 310oC, the mobility
decreases from the maximum to 30800 (cm2/V s) in the sample grown at 330oC. Samples
grown with the lower or higher Sb/In flux ratio than 5.6 exhibit the significantly lower
mobilities. As discussed in chapter 3, section 3.1 that the Sb flux has to be larger than
the In flux in order to ensure that all In atoms are used to form the InSb compound.
An insufficient Sb flux leads to a decrease of the electron mobility and a formation of In
metal droplets which degrades the sample surface. However, it is shown that an excess
Sb flux also decreases the electron mobility as well as deteriorates the epilayer surface,
and even causes elemental Sb droplets ∼ µm range in size on the surface and in the film
[136]. Thus, my results show the optimum value of the V/III ratio of 5.6, which gives
the best mobility at growth temperature of 310oC.
4.1.5 Effects of doping and BL on the structural and electrical properties
Figure 4.14: RHEED patterns recorded after: (a) opening the Al cell and (b) 0.1 µm
InAlSb deposited
As discussed in section 4.1.3, at lower temperature electron concentration and mobility
of the InSb epilayers correspond to degenerate, and the large lattice mismatch between
the film and substrate results dislocations in the film. Thus, I investigated the Si-
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doped InSb films with a doping level of 2e16 cm−3, which should enable minimize the
degradation of the electron concentration and mobility, and the interposed InAlSb buffer
layers with a thickness of about 0.2 µm, which could reduce the mismatch and have shown
promise for increasing the electron mobility of the InSb films [144; 145; 146].
Figure 4.15: RHEED patterns of InSb surfaces grown on GaAs at 310oC: (a) un-doped
InSb, (b) un-doped InSb with InAlSb buffer layer, (c) Si-doped InSb, and
(d) Si-doped InSb with InAlSb buffer layer
Figure 4.14 shows the RHEED patterns during the deposition of InAlSb buffer layer.
As beginning of the Al cell opened, the RHEED pattern appears spotty (Fig 4.14(a)).
By increasing the thickness of the deposited InAlSb layer, there is a clear trend from
spotty to streaky (1×3) RHEED patterns (Fig 4.14(b)). The RHEED patterns of all
four InSb films - grown at 310oC; un-and doped Si, without-and with the InAlSb buffer
layer - show (2×4) reconstructions as seen in Fig. 4.15. The sharp streaky RHEED
pattern of the un-doped sample (Fig. 4.15(a) and (b))suggests a superior crystal quality
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Table 4.1: X-ray and electrical data of different InSb films.
Sample FWHM µ300K n300K µ77K n77K
(arcsec) (cm2/V s) (cm−3) (cm2/V s) (cm−3)
Un-doped 380 41100 2.9e16 33400 1.6e16
Un-doped with BL 600 12400 2.0e17 11800 1.4e17
Si-doped 460 9100 1.7e18 9400 2.7e18
Si-doped with BL 880 4900 2.6e18 5300 2.6e18
of the epilayers. In the Si-doped sample, the obtained RHEED pattern is cloudy (Fig.
4.15((c)) and even more cloudy in the Si-doped sample with InAlSb buffer layer (Fig.
4.15(d)), indicating an inferior crystal quality.
The θ-2θ x-ray rocking curves of above samples are recorded and plotted in Fig. 4.16.
In both un-doped and Si-doped samples, only the peaks due to GaAs substrate and InSb
epilayer are clearly visible (Fig. 4.16(a) and (c). In the Si-doped sample grown with
buffer layer, beside the peaks of GaAs and InSb, the right shoulder of the InSb peak is
due to InAlSb buffer layer (Fig. 4.16(b) and (d)). The FWHM of InSb layers are about
380 arcsec, 600 arcsec, 460 arcsec and 880 arcsec for un-doped layer, un-doped layer
grown with the buffer layer, Si-doped layer, and Si-doped layer grown with the buffer
layer, respectively. Note that the InSb peak in Fig. 4.16(d) is wider than that in the
other samples, suggesting a less consistent layer than the others.
Table 4.1 shows the variation of the InSb/GaAs material properties deduced from
x-ray and Hall measurements. The un-doped layer exhibits the narrowest x-ray FWHM
of 380 arcsec, with the highest 300 K mobility of 41100 (cm2/V s). As the temperature
decreases, the mobility as well as the electron concentration correspond to degenerate.
The reduction of electron mobility is about 29.6%. In the Si-doped samples, on the
other hand, the mobility and the electron concentration increase slightly as decreasing
temperature. However, it is evident that the electron mobilities of these samples are
significantly lower than those of the un-doped film. The sample with In0.95Al0.05Sb buffer
layer shows even much lower electron mobility. This result is in contrast to previous
work which describes InSb epilayers with InAlSb buffer layer. It was thought that the
highly dislocated interface (due to the lattice mismatch) between epilayer and substrate
would dominate the physical properties of the layer. To reduce the effects of this region,
therefore, the method of growing various buffer layers is used. In our case, the quality of
the InSb epilayers grown following this method did not exceed the expected results. To
fully understand the system, I need to grow new structures with different doping level
and different growth conditions of the InAlSb buffer layer. However, we have suspected
that the quality of the InSb epilayers is improved rapidly with increasing layer thickness,
regardless the presence of dislocations in the interface region. These dislocations then
decrease in density with increasing distance from the substrate. Therefore, optimization
the growth parameters is the primary concern for obtaining high quality of the epilayers
(in agreement with Michel et al [147]).
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Figure 4.16: θ-2θ x-ray scans of InSb/GaAs films grown at 310oC: (a) un-doped InSb,
(b) un-doped InSb with InAlSb buffer layer, (c) Si-doped InSb, and (d)
Si-doped InSb with InAlSb buffer layer
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4.1.6 Infrared transmission
Figure 4.17: Schematic illustration of the Bruker IFS 66v spectrometer. The yellow line
indicates the beam path.
In transmission spectroscopy, transmitted spectrum is created by illuminating a sam-
ple with light at a certain wavelength. The background is eliminated from the spectrum.
Thus, it results in the fraction of light transmitted at each wavelength. In order to
measure the spectrum, the most straightforward way is to pass the light through a
monochromator. This monochromator allows only the light at a certain wavelength to
pass through. The intensity of this single-wavelength light is then measured, directly
indicating how much light is emitted at that wavelength. By changing the monochro-
mator’s wavelength setting, the entire spectrum can be measured. In this work, Fourier
transform spectroscopy was employed to perform transmission measurements. Rather
than allowing only one wavelength at a time to go through to the detector, this method
lets through a beam containing many different wavelengths of light at the same time.
Thus, the total beam intensity can be measured. Afterwards, the beam is modified
to contain a different combination of wavelengths, giving a new data point. This pro-
cess is repeated many times with different initial wavelength settings, modulated by a
interferometer. All this data is collected and the transformation of the interferogram
into spectrum is then carried out mathematically by a computer. Infrared transmission
refers to energy in the region of the spectrum at wavelengths longer than those of visible
light, but shorter than those of radio waves. Since InSb has a narrow band gap EG, the
spectrum is in the infrared region.
Setups
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Figure 4.18: left: Infrared transmission spectra at 300 K of InSb/GaAs sample grown
at 310oC and right: An absorption vs energy plot
A Bruker IFS 66v spectrometer as illustrated in Fig. 4.17 was used to carry out
the measurements. The spectrometer has a resolution of 0.1 cm−1 and a very wide
spectral domain, between 25000 - 10 cm−1, allowing measurements in both transmission,
reflection and emission modes from the near to far infrared. The wavelength range
covered extends from 1 µm to 40 µm [148]. The spectrometer comprises of globar
and mercury vapor lamp as light sources, an interferometer chamber consisting of KBr
beam splitter and the movable mirrors for continuous adjustments of the interferometer
distance, followed by a sample chamber and two detectors. The detectors, a MCT-D316
and a KBr/DLaTGS D301, are connected to a computer. Thus, signal averaging, signal
enhancement, base line correction and other spectral manipulations are possible with
multitasking OPUS software. Spectra are then plotted on a HP plotter and data can
be printed or saved on a 3.5" floppy. The measurements were performed at 300 K in
vacuum.
Results
The infrared transmission spectra of the sample grown at 310oC is shown in Fig. 4.18
(left). The cleaved samples have the same size of 2×5 mm. The spectra are analyzed
according to [149], yielding a band gap of 1350 cm−1 for the sample, corresponding to
0.17 eV. This result fits well with the band gap of bulk InSb at 300 K. The absorption
vs energy plots for these samples is shown in Fig. 4.18 (right). The onset of absorption
coincides very well to the relation α ∼ (E − hν)1/2, indicating a direct energy gap.
4.1.7 Noise
Theory
In both analog and digital electronics, the word noise means an unwanted perturbation
to a wanted signal. Transport of electrons inside an electrical conductor will exhibit noise.
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This occurs as some electrons will have a random motion, causing fluctuating voltage and
currents. There are some subtypes of electronic noise such as thermal noise, flicker noise,
generation-recombination noise (shot noise, burst noise, avalanche noise). Noise can be
produced by several different factors. For instance, thermal noise (sometimes thermal,
Johnson or Nyquist noise) is generated by the random thermal motion of charge carriers
(usually electrons), inside an electrical conductor. It is unavoidable because it happens
regardless of any applied voltage. Flicker noise (also known as pink noise 1/f ) is a signal
or process with a frequency spectrum that falls off steadily into the higher frequencies.
It occurs in almost all electronic devices at low frequencies, and results from a variety
of effects, though always related to a direct current. However, it is not always possible
to identify the respective effect of every subtype of noise. For example, there exists
substantial suspicion that causes for flicker and generation-recombination noise overlap.
A direct proof however is complicated. The noise level determines the signal to noise
ratio of an electronic device. Thus, it can be determined how small the device can be or
how low the smallest possible operating voltage is. Theoretically, the noise spectra SV
are composed of thermal noise SV,th, flicker noise SV,fl, and generation-recombination
noise SV,gr according to
SV = SV,th + SV,fl + SV,gr
= A
f
+
∑
i
Bi
1
1 + (2pifτi)2
+4 kB T R
(4.18)
where A is the amplitude of the flicker noise, f is the frequency, B is the amplitude of
the g-r noise, τ is the time constant for the g-r processes, kB is the Boltzmann constant,
T is the temperature, and R is the resistance. For transistors and sensors, both good
transport and reduction of noise level are desired. Since the low noise spectrum is
dominated by flicker noise in semiconducting materials, the Hooge constant αH [150] is
an important parameter. It relates to the quality of the sample and defines the level of
the low frequency noise. One can propose the Hooge constant αH from [151]
SV,fl =
A
f
= αH
V 2
Nf
(4.19)
where V is squared bias voltage, N is the number of charge carriers. The Hooge
constant αH depends on the scattering mechanisms that determine the mobility [152;
153; 154; 155]. For InSb epilayers, the Hooge factors are found in the range of 10−2 -
10−3 [156; 157].
Setups
For this study, Dobbert at al. [33] performed the flicker noise measurements on my
samples in a Greek cross geometry as shown in Fig. 4.19. The Greek cross structure
has a length of 55 µm and a width of 17 µm. It was fabricated using standard optical
photolithography and wet chemical etching. Ohmic contacts were made by alloying
evaporated Au/Ge/Ni metal films. A SR560 differential low-noise preamplifier and a
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Figure 4.19: A Greek cross structure with base length of 55 µm and width of 17 µm.
left: entire structure, right: detail of active structure.
Table 4.2: The mobilities µ and Hooge constants αH for different InSb based samples at
300 K and 80 K [33].
Sample µ300K αH300K µ80K αH80K
(cm2/V s) (×10−5) (cm2/V s) (×10−5)
grown at 310oC 41100 4.4-29 33400 1.7-4.3
grown at 320oC 30300 6.4-49 22300 3.9-99
Single crystal pure InSb 77000 20 - 800 67000 3.0
SR785 noise spectrum analyzer were used to measure the transverse noise between the
Hall terminals. The frequency range for the measurements was from 3 Hz to 10 kHz. The
samples were biased using constant currents of 10 - 900 µA, corresponding to voltages
across the length of the sample from 10 to 4 V at 82 K and 3 to 30 mV at 300 K. The
temperature range was from 300 K down to 82 K by using a nitrogen refrigerator.
Results
Two samples grown at 310oC and 320oC were examined for noise properties. The
measured temperature range was from 300 to 82 K. From the measured noise spectra
and the fitting in which all components have to be taken according to Eq. 4.18, one can
extract the Hooge constant αH for the samples. The Hooge constants αH as well as the
mobilities at 300 and 80 K are collected in Tab. 4.2.
At 300 K, the constant αH are 4.4 - 29e-5 and 6.4 - 49e-5 for the sample grown at
310oC and 320oC, respectively. The lower Hooge constant corresponding to the higher
electron mobility of the sample grown at 310oC suggests the apparent improvement of
the crystal quality. At 80 K, the constant αH of both samples decrease, corresponding
to the decreasing mobilities. It seems that there is a relationship between the Hooge
parameter αH and the electron mobility µ. In other studies [158; 153; 159], it is asserted
that the Hooge parameter is mostly determined by fluctuations in carrier numbers. In
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our case, however, the cleaved sample size is very small. A confirmation is, therefore,
not clear.
We also investigate the generation-recombination noise for these samples. The tem-
perature-dependence of the generation-recombination noise measured from 80 K to 300 K
is indicative of trap states. Two deep traps 220 meV and 390 meV below the conduction
band were detected . It appears that the origin of the traps in the different samples are
of the same nature [34].
Figure 4.20: Schematic depiction of the structure InSb/Si.
4.2 InSb/Si system
The examined InSb/Si samples were grown under the growth conditions as presented in
chapter 3, section 3.5. In addition, a schematic depiction of the structure is shown in
Fig. 4.20.
4.2.1 Optimization of initial buffer layer
Figure 4.21: [110] and [1-10] RHEED patterns of InSb growth with GaAs buffer layer on
Si (001) offcut by 4o toward (110) at 380◦C.
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In the case of InSb/Si, it is much more difficult to get good crystal quality of InSb
film due to about 19% lattice mismatch between eplilayer and substrate. This large
lattice mismatch makes three dimensional polycrystalline growth begin at early stage of
initial monolayers. It was found that using tilted substrates [3] or insertion of various
buffer layers [4; 5; 6] may improve the crystal quality. In my work, I used p-type Si
substrates with 4◦ off-cut towards (110) and resistivity of about 50-80 Ωcm. To improve
the crystal quality, one of the applied techniques was two-step temperature growth: first
growing of an InSb layer at 310◦C and then increasing the substrate temperature and
growth the second layer at this temperature. Since no success to grow InSb directly
on Si substrate are obtained, the insertion of initial buffer layers between substrate and
active InSb layer such as GaAs, AlSb, and GaSb/AlSb superlattice is necessary. This
technique can help to suppress the formation of defects due to the lattice mismatch.
As discussed about InSb/GaAs structure with good crystal quality and high mobility,
therefore, I started to use GaAs as a buffer layer before deposited InSb layer. I grew
InSb samples with 1000 Å-thick GaAs buffer layer at various temperatures from 280◦C
to 410◦C on Si (001) offcut by 4o toward (110). The growth rate of GaAs was about 0.73
Å/s. The temperatures for the growth of InSb layer varied from 310◦C to 400◦C. Figure
4.21 shows the [110] and [1-10] RHEED patterns of the InSb layer grown at 380◦C. The
RHEED intensity was not strong and the cloudy images indicate the inferior quality of
the film. In addition, Hall measurements showed that the InSb film has very low electron
mobility of 6000 cm2/V s at 300 K. For other samples, the mobility is even lower.
Figure 4.22: [110] and [1-10] RHEED patterns of the initial AlSb layer at 340◦C on Si
(001) offcut by 4o toward (110) at 380◦C.
Another possible buffer for interposition between InSb and Si is AlSb. Since AlSb
has the lattice constant of 6.1355 Å, it can help to reduce the large lattice mismatch
of about 19.3% between Si and InSb in two steps to about 5.6% [6]. I also used AlSb
buffer layer for the growth of InSb/Si. The 1400 Å-thick buffer layer was grown at
temperature range from 310◦C to 410◦C with the growth rate of about 2.3 Å/s. The
observed RHEED patterns of the initial AlSb layer at 340◦C is shown in Fig. 4.22. The
InSb layer was then deposited on AlSb at the temperature range from 310◦C to 400◦C.
However, the highest obtained mobility at 300 K is only about 8000 cm2/V s for the
sample grown at 380◦C with AlSb at 340◦C.
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Subsequently, GaSb/AlSb superlattice buffer layer was employed. After the cleaning
process of the substrate, the substrate temperature was cooled down to the InSb growth
temperature. A 30 period strained layer consisting of 0.06 µm GaSb/AlSb superlattice
was then incorporated. 2 µm-thick InSb layer was deposited with an Sb/In flux ratio of
about 5.6 and a growth rate of 2 Å/s. A growth temperature range between 280 and
400◦C was investigated. I obtained better InSb films with GaSb/AlSb superlattice buffer
layer compared to using GaAs and AlSb buffer layer. The results will be discussed in
detail in next sections.
4.2.2 Structural properties
The RHEED patterns
Figure 4.23: (1×1) RHEED patterns of the sample grown on Si substrate at 340◦C.
The RHEED was employed during the growth of 2 µm-thick InSb layer with GaSb/
AlSb superlattice buffer layer. The RHEED signals disappeared for the growth temper-
ature lower than 340◦C, probably due to the bad crystal quality. Figure. 4.23 shows
the (1×1) RHEED reconstruction of the InSb film grown at 340◦C. RHEED patterns
obtained on samples grown over this temperature also showed similar behavior and thus
are not presented here. While the streaky RHEED pattern refers to a flat surface, the
spotty RHEED pattern corresponds to a rough surface or a surface with three dimen-
sional islands. The RHEED pattern of this sample is spotty, indicating a rough surface.
Furthermore, the cloudy appearance in the RHEED pattern reflects the presence of dislo-
cations, which appear regardless of the inserted GaSb/AlSb buffer layer. In comparison
with the RHEED pattern of the InSb/GaAs sample grown at 310◦C, it is not cloudy,
indicating a far superior level of InSb crystal quality.
The AFM topographs
The AFM scans of the sample grown at 340◦C are shown in Fig. 4.24. Figure 4.24(a)
in 50×50 µm scale indicates a rough surface morphology of the InSb epilayer, in agree-
ment with RHEED results. The mean roughness of the film is about 300 nm. The
surface consists of the crowded large grains in the range of µm as seen in Fig. 4.24(b).
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Figure 4.24: AFM scans of the sample grown at 340◦C: (a) 50×50 µm scale, (b) closer
scan in the 5×5 µm scale.
Additionally, the surface has some cracks, which are arrowed in the picture. The reason
for these cracks may be due to the difference of thermal expansion coefficient between
InSb and Si. Mori et al. [160] reported that the InSb films started to aggregate at the
temperature over 300◦C on Si. Note that with our MBE system, no success to grow
InSb/Si at lower temperature than 340◦C is obtained. This result suggests that the
growth temperature of 340◦C is low enough for the successful growth of InSb/Si and can
not be the reason to cause the cracks on the surface.
From transmission electron microscopy: TEM images
The JEOL JEM-3010 transmission electron microscopy (TEM) which uses a LaB6
electron source (300 kV) to image a sample with resolutions down to 0.17 nm was used.
The surface, interface structure and morphology of as-grown nanostructured materials
can be determined quantitatively. Cross-sectional TEM examination for the sample
grown at 340◦C in the near-interface region is shown in Fig. 4.25. Figure 4.25(a) and
(b) reveal the nature of the defects to be mainly microtwins and stacking faults along the
(111) planes, labeled with blue arrows. A high density of threading dislocations is also
observed, arrowed in purple. These twins and dislocations are most concentrated close
to the interface and can also be observed several hundred nanometers away from the
interface layer. However, in agreement with the RHEED results, the structure quality
of the InSb films improves with increasing distance from the substrate. Above several
hundred nanometers, mainly microtwins, stacking faults, and dislocations decrease in
density as the layer thickness increases. The high-resolution TEM of the InSb/Si inter-
face are shown in Fig. 4.25(c) and (d). One can see an array of edge misfit dislocations,
which are arrowed in green. In addition, the roughening interface is assumed due to
inter-diffusion and reaction between dislocations [135].
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Figure 4.25: Cross-sectional TEM images for InSb layer grown on Si at 340◦C: (a) and (b)
bright-field images, (c) and (d) high-resolution micrographs of the InSb/Si
interface layer.
4.2.3 Crystal diffraction
Figure 4.26 shows the (004) double-crystal X-ray (DCXR) patterns of two samples grown
at 340◦C and 380◦C with GaSb/AlSb superlattice. Both the InSb and the GaAs peaks
are clearly defined. The right shoulder of the InSb peak is due to the strain between the
layers. The InSb peaks related with (004) plane appeared with high intensity. For the
sample grown at 380◦C, the FWHM is found about 951 arcsecs, which is the narrowest
bandwidth among the InSb/Si samples grown at different conditions. The lattice con-
stant of the InSb film determined from the XRD peak is 0.648 nm. This value matches
closely the lattice constant of the InSb bulk. According to the data obtained from the
atomic-force microscopy the root-mean-squared roughness (RMS) for areas around 2×2
µm2 is lower than 16 nm. Our results show that good quality InSb epilayers can be
grown on Si substrates using the GaSb/AlSb superlattice layer.
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Figure 4.26: Double-crystal X-ray rocking curves for InSb/Si films grown at 340◦C,
380◦C.
4.2.4 Electronic properties
Figure 4.27 shows the Hall mobility as a function of temperature for the samples grown
at 360◦C, 370◦C, 380◦C, and 390◦C. The temperature dependencies of the electron mo-
bility in all samples are almost identical. The highest 300 K mobility was found to be
26500 cm2/Vs for the sample grown at 380◦C, corresponding to n=2.5e16 cm−3, which
is similar to the best samples on GaAs. By comparing Fig. 4.12 and 4.27, it is evident
that that InSb/Si exhibits much lower 300 K mobilities and faster degradations at low
temperatures than those in the InSb/GaAs samples. The electron mobility decreased
with temperature in both cases. Similar to the GaAs-based samples, the electron mo-
bility in the Si-based samples is limited by deformation potential scattering µd and is
inversely proportional to the edge dislocation density D. However, in InSb/Si case, more
dislocations can be generated in the grown InSb layer than those in the InSb/GaAs case.
Therefore, the degradation of electron mobility observed at low temperature is higher.
4.2.5 Infrared transmission
For this study, Ernst et al. [148] measured the transmission spectra on my samples.
Figure 4.28 shows the infrared transmission spectra for the samples grown on Si at
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Figure 4.27: The temperature dependence of the electron mobilities for InSb/Si films.
340◦C and 380◦C. The method according to [149] is used for the analysis. Conversely
to the GaAs-based samples, the obtained spectra are not as expected. It is, somehow,
diffused. The part of the spectrum at higher wavenumbers may be attributed to artefacts
in the detector, while the behavior at smaller wavenumbers is ambiguous: the absorption
occurs even for very small energies, 620 cm−1 and 573 cm−1, corresponding to 0.077 eV
and 0.071 eV, respectively.
4.2.6 Noise
To further investigation of dislocation in the samples, noise spectroscopy was carried out
on my samples by Dobbert. The samples grown at 340◦C and 380◦C were examined. At
300 K both samples exhibit similar flicker noise (∝1/f) features and the Hooge factor
αH is about 5e-5 at 300 K. At 80 K αH is 3e-4. Compared to those of the samples grown
on GaAs as shown in Tab. 4.1, it can be seen that the sample grown on Si exhibits the
lowest Hooge factor of examined samples at 300 K. The high level of the noise at 80 K
must be attributed to the low electron concentration since the Hooge factors are rather
small compared to the 300 K ones. Furthermore, compared to other epitaxially-grown
InSb films [156; 157] the Hooge factors in this study are 10 to 100 times lower. At 300 K,
the Hooge parameters correspond to the bulklike channels. At 80 K, on the other hand,
the Hooge parameters of the GaAs-based samples correspond to degenerate, possibly two
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dimensional channels; for the Si-based sample, to the interface channel. More results
about noise properties of these samples can be obtained in our published papers [32; 33].
Figure 4.28: FT IR transmission spectra for samples grown at 340◦C (top) and 380◦C
(bottom) [148].
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4.3 Summary
To conclude, I have described the growth of high-quality InSb films on (001) GaAs as well
as (001) Si substrates using MBE. My results indicate a significant correlation between
the crystal quality of InSb films and the growth condition such as substrate temperature,
growth rate, Sb/In flux ratio, and the substrate tilting. The optimal parameters include
the substrate temperature of 310oC, the growth rate of 2 Å/s, and the Sb/In flux ratio of
5.6 for growing directly on GaAs (001) substrate. The optimal conditions for the growth
on Si substrate involve the same growth rate and Sb/In flux ratio but the substrate
temperature was 380oC and the substrate tilting of 4o (001) offcut toward (110) were
used. The buffer layer of 0.06 µm GaSb/AlSb superlattice is also required. The highest
300 K electron mobility was 41100 cm2/V s for a 2µm-thick InSb film grown directly on
GaAs at a substrate temperature of 310oC. However, the electron mobility degradation
and the carrier freeze-out at low temperatures were also observed. To reduce these factor,
the samples grown on GaAs were doped by Si with the doping level of 2e16 cm−3. The
high mobilities measured at low temperatures suggest the ability for the electronic device
applications. Deep level noise spectra indicate the existence of the deep levels in both
GaAs and Si-based samples. The samples grown on Si exhibits the lowest Hooge factor
at 300 K compared to the samples grown on GaAs.
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In the previous chapter, properties of the non-magnetic InSb have been discussed. In
order to observe magnetic cooperative phenomena in the diluted magnetic semiconductor
system, I introduced a sizable amount of Mn element to the host material InSb using
the epitaxial method. Hence, this chapter is dedicated to properties of (In,Mn)Sb/GaAs
system. The methods used for characterization are also described in detail.
5.1 Growth of (In,Mn)Sb on GaAs (001) substrate
Figure 5.1: Schematic depiction of the structure (In,Mn)Sb/GaAs with detailed growth
conditions.
I grew In1−xMnxSb films on semi-insulating epi-ready GaAs (001) under the growth
conditions as presented in chapter 3, section 3.5. In addition, a schematic depiction of
the structure is shown in Fig. 5.1. Samples were used in my study with the various Mn
concentrations corresponding to the different temperatures of the Mn effusion cell from
420oC to 670oC. The Mn concentrations were estimated from the Mn/In flux ratio, and
confirmed by using a dynamical simulation of rocking curve analysis to be smaller than
1%. A well-defined (2×4) reconstruction of RHEED pattern was observed during the
growth of the InSb film and also the (In,Mn)Sb film as shown in Fig. 5.2. All samples
have mirror-like surfaces.
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Figure 5.2: (2×4) RHEED pattern of (In,Mn)Sb grown at 310oC on GaAs (001).
5.2 Mn concentration and lattice parameter
Determination of the Mn concentration
Mn composition can be measured using several methods such as reflection high energy
electron diffraction (RHEED) [161], x-ray diffraction (XRD) [162; 59], channeling par-
ticle induced X-ray emission (c-PIXE), channeling Rutherford backscattering (c-RBS)
[99], in-situ ion gauge [163; 162], electron probe microanalysis (EPMA) [164; 165; 162]
and secondary ion mass spectrometry (SIMS) [166; 162]. In my work, I estimated firstly
the Mn concentrations from the Mn/In flux ratio. The In and Mn flux are adjusted
using the in situ beam monitoring ion gauge to have an approximately equal intensity,
take into account the different gauge sensitivity for these two elements. The nominal
compositions x are about 0.7%, 0.4%, and 0.2% for the samples grown with Mn effu-
sion cell temperatures of 670oC, 600oC, and 560oC, respectively. After the growth, the
samples were under x-ray measurements. By using the high resolution double crystal
x-ray diffraction (XRD), the rocking curves for both symmetric (004) and asymmetric
(115) reflections were obtained. In order to estimate the average Mn content in the sam-
ples, the experimental rocking curves were then compared to simulated rocking curves
obtained from a dynamical simulation of rocking curve analysis (RADs) [133]. RADs
is a program that uses the fundamental x-ray scattering equations of dynamical diffrac-
tion to analyze rocking curves. Therefore, by matching simulation to experiment, it is
possible to obtain information such as the composition, number, thickness and strain
of layers in a structure. For the simulation, first is making a model consisting of GaAs
substrate, InSb buffer layer and In1−xMnxSb layer. It is then necessary to set up
parameters such as the instrument parameters (wavelength, polarization of the x-ray
beam; material, orientation, tilt, reflection, number of reflections of the beam condi-
tioner), the experimental parameters (reflection geometry, scan range), and the sample
parameters (thickness units, strain type, curvature). The final step is click the simulate
tool. Once simulation is complete, RADs plots out a simulated rocking curve on screen.
The In1−xMnxSb samples grown with Mn effusion cell temperatures between 560oC
and 670oC were examined and the respectively deduced Mn compositions are smaller
than 1%. The results agree with the in situ beam ion gauge data.
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Lattice parameter
Figure 5.3: The θ-2θ scans for the symmetric (004) Bragg reflections for three samples.
Inset shows the perpendicular lattice constants of the epilayers as a function
of the Mn contents.
Figure 5.3 shows the θ-2θ scans for the symmetric (004) Bragg reflections of three
specimens with the Mn concentration of 0.7%, 0.4%, and 0.2%. It is general believed
that in perfectly crystalized samples the presence of MnSb is reduced to zero at the
Mn content range (< 1%) and Mn simply substitutes for In site. Moreover, the atomic
radius of Mn atoms (rMn=1.29 Å) is smaller than that of In atoms (rIn=1.63 Å) and
the recent theoritical lattice constant of zincblende MnSb (aMnSb=6.166 Å) [167] is
also smaller than that of InSb (aInSb=6.479 Å). Therefore, the lattice constant of the
magnetic layer In1−xMnxSb should be smaller than that of InSb layer grown at the
same conditions. However, I saw no difference in angular position of diffraction peaks
between In1−xMnxSb layer and InSb buffer layer in each sample. It reflects that the
perpendicular lattice constant a⊥ of In1−xMnxSb layer and InSb buffer layer are at the
equal level. There is a possibulity that Mn atoms enter not only to the In sites but also
to the interstitial sites and another possibility that can be occurred is the presence of
Sb at In sites. These defects, the interstitial Mn (MnI) and Sb antisites (SbIn), can
influence the lattice constant of InMnSb layer and make it expansible to that of InSb
buffer layer. The behavior of these compensating defects is confirmed by many studies
of GaMnAs [168; 169]. If it is also true for InMnSb, it is very interesting to make further
explorations in order to know their concentrations, their behaviors and how they affect
the crystal structures of this material. To date, no experimental data and theoretical
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Figure 5.4: The θ-2θ scans for the asymmetric (115) Bragg reflections for three samples.
studies revealing their concentrations and their effects are available yet. Figure 5.3
also shows another feature concerning the InMnSb lattice parameter. The significant
changes in angular positions of InMnSb (004) diffraction peaks of the three samples can
be observed, suggesting the differences between the lattice constants of these samples.
Note that they contain the Mn concentration limit x ≤ 1%. At this low Mn content range,
the lattice constant of InMnSb decreases with increase Mn concentration. The inset in
the figure 5.3 illustrates the perpendicular lattice constants of the epilayers as a function
of the Mn contents. The InMnSb lattice constant decreases with the increasing Mn
composition at the low Mn concentration range. As assumed of the interstitial Mn and
Sb antisites, and expected that their densities are constant at the low Mn concentration
limit range, MnIn increases, therefore, with increasing x at 0.2% ≤ x ≤ 0.7%. It
results the decrease of perpendicular lattice constant of the InMnSb layer from 6.50000
Å to 6.48980 Å corresponding to the increase of x from 0.2% to 0.7%. However, the
observation of the decreasing lattice constant of the InMnSb layer with the increasing
Mn content also opens a question that why the lattice constant of the non-magnetic
InSb buffer layer also decreases with the increasing Mn concentration. The (004) Bragg
reflections are measured of the lattice parameters perpendicular to the epilayer plane a⊥
for all samples. The combination of these and the asymmetric (115) Bragg diffractions
are then used to calculate the in-plane lattice constants a‖. These asymmetric (115)
θ − 2θ scans are shown in Fig. 5.4. The values of a‖ are obtained to be 6.46780 Å,
6.46830 Å and 6.47050 Å for the Mn content of 0.7%, 0.4% and 0.2%, respectively. It
can be seen that as < a‖ < a⊥, where as=5.65325 Å is the cubic lattice constant of
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Table 5.1: The results for the perpendicular lattice constant a⊥, the in-plane lattice
constant a‖, the relaxed lattice constant arelax and the degree of strain m of
samples with different Mn content.
Sample a⊥ a‖ arelax m
(%Mn) (Å) (Å) (Å)
0.7 6.48980 6.46780 6.47350 0.14510
0.4 6.49580 6.46830 6.47550 0.14540
0.2 6.50000 6.47050 6.47820 0.14590
0.0 6.50160 6.47260 6.48010 0.14630
the GaAs substrate. The data indicates the epilayers to be strain-relaxed on the GaAs
substrate. They are biaxially compressed with the transverse strain component ε‖ and
the perpendicular strain component ε⊥. Assuming that the InSb elastic constants are
approximate those of In1−xMnxSb, therefore, the following identities are exposed:
ε‖ =
a‖ − arelax
arelax
, (5.1)
ε⊥ =
a⊥ − arelax
arelax
, (5.2)
m = arelax − as
as
, (5.3)
ν = − ε‖
ε⊥
, (5.4)
where arelax is the relaxed layer lattice parameter, m is the relaxed mismatch, ν is the
Poisson’s ratio and has a value of 0.35 for the epilayers [12]. Following these equations,
the values of arelax and m are determined.
The measured values of a⊥, a‖ and the deduced values of arelax and m for all three
samples and for an undoping InSb sample are then collected in Tab. 5.1. In the sample
with 0.7% Mn, the ralaxed lattice constant of the epilayer is the lowest, whereas the
lattice constant of the epilayer in the sample without Mn is the highest. It can be seen
that the epilayers are less relaxed if the Mn density is bigger. As concernsMnI and SbIn
defects in the sample, the increasing density is accompanied the significant influences
on the lattice parameters of the material. The (In,Mn)Sb alloy, the presence of MnSb
clusters as well as MnI and SbIn defects can contribute to the reduced average lattice
constant. The Mn also apparently reduces the relaxation of the InSb grown on GaAs.
For pure InSb, the 2-µm film is essentially 100% relaxed and its lattice constants, both
parallel and perpendicular to the growth plane, are that of bulk InSb (see chapter 4).
The Mn both decreases the average lattice constant and the relaxation, resulting in a
somewhat larger lattice constant perpendicular to the growth plane [91].
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5.3 Negative magnetoresistance and anomalous Hall effect
Figure 5.5: A Hall bar measurement. Current j flows in the x direction. The applied
magnetic field B is in the z direction. For a p-type sample an internal electric
field E applies in the y direction.
5.3.1 Hall-bar measurements
Definitions
As discussed in chapter 4, section 4.1.3, in order to assess the transport properties,
it is necessary to determine the resistivity ρ and carrier density n. The combination
of ρ and n allows to determine the drift mobility µ. One way to combine both these
measurements is to mount sample as Hall bar (Fig. 5.5) aligned to the direction in which
transport properties can be determined. In anisotropic transport the drift mobility µ is
replaced by the drift mobilities along the two principal transport directions x and y, µx
and µy. Magnetoresistance measurements, such as Hall-bar measurements, measure the
components of the resistivity tensor of the material.
ρ̂ =
[
ρxx ρxy
ρyy ρyx
]
(5.5)
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where resistivities ρxx, ρxy, ρyy, and ρyx are given by
ρxx =
Ex
jx
, ρxy =
Ey
jx
, ρyy =
Ey
jy
, ρyx =
Ex
jy
(5.6)
The current density jx and jy along the respective directions x and y one gets
jx = σxxEx + σxyEy , jy = σyxEx + σyyEy (5.7)
where σ is conductivity. In the Hall-bar measurement, longitudinal voltage and Hall-
voltage are measured without drawing a current. Measuring the Hall-voltage results no
current flow (jy = 0). Therefore,
ρxx =
σyy
σxxσyy − σxyσyx (5.8)
ρxy =
−σyx
σxxσyy − σxyσyx (5.9)
ρyy =
σxx
σyyσxx − σyxσxy (5.10)
ρyx =
−σxy
σyyσxx − σyxσxy (5.11)
The Hall coefficient RH and the carrier density nH are determined
RH =
ρxy
B
(5.12)
nH =
−1
eRH
= −B
eρxy
(5.13)
Setups
I used a photolithographically patterned Hall bar with a width of 2 mm and a length
of 8 mm, as shown in Fig. 5.6 (right). Eight indium contacts with small dimensions in
comparison with the length of sample were made on the edges of the sample by annealing
at 200oC for 2 minutes. The contact resistances are negligible. For each measurement,
two samples were mounted on a chip holder, wired, and affixed to the sample holder (Fig.
5.6 (left)), which was in turn inserted in a Oxford helium cryostat. The measurements
were carried out using a 7 T superconducting magnet with a variable temperature insert
over the temperature range 1.5 K - 300 K. The magnetic field was applied perpendicular
to the layer plane. The temperature-dependent resistance was measured for a current I
of 10−4 A, at magnetic field of 0.5 T, while the dependence of the resistance on magnetic
field was measured for the same current, at temperature of 300 K, 4.2 K and 1.5 K.
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Figure 5.6: Hall-bar structure. left: Two samples were mounted on a chip holder and
wired. right: an entire structure.
5.3.2 Negative magnetoresistance
The magneto-transport properties have been studied using Hall-effect measurements in
the temperature range of 1.5 to 300 K. The magnetoresistance (MR) is calculated using
the conventional expression
∆ρ/ρ0 = (ρH − ρ0)/ρ0 (5.14)
where ρ0 is the resistivity at zero field. Figure 5.7 (a) shows magnetic-field-dependent
magnetoresistance measured at 1.5 K for the (In,Mn)Sb films with different Mn con-
centration. The magnetoresistance is found to be sensitive to the Mn concentration.
Samples with Mn content x of 0.7% and 0.4% show a small positive magnetoresistance
at low field followed by large negative magnetoresistence at higher field. This behav-
ior was also seen in the (Ga,Mn)As/GaAs and (Ga,Mn)Sb/GaSb system [170] and the
authors attributed this effect to the contribution from the parallel conductance via the
underlying GaAs substrate in the (Ga,Mn)As/GaAs samples and GaSb substrate in the
(Ga,Mn)Sb/GaSb samples. But it also has been seen in my (In,Mn)Sb/GaAs samples
(the host material of the epi-layer is not the same as the substrate) and is sensitive to the
Mn concentration. I suppose, that such a parallel conducting channel, if it exists, plays
only a minor role. In the sample with the lowest Mn concentration of 0.2%, the low-field
positive magnetoresistance disappears, leaving negative magnetoresistance at all field.
The low-field positive magnetoresistance can thus not be explained by contribution from
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Figure 5.7: (a) Magnetic-field-dependent magnetoresistance measured at 1.5 K and (b)
Carrier concentration as function of temperature measured at 0.5 T for
(In,Mn)Sb films with different Mn concentration when the field applied per-
pendicular to the layer plane.
the parallel conductance only - there has to be clearly to Mn presence. The change in
negative magnetoresistance, however, is slight. The interactions between the localized
magnetic moments of the substitutional Mn acceptors and the holes in an impurity may
result the negative magnetoresistance. Oiwa et al. [171] and Iye et al. [172] observed
the large negative magnetoresistance in the Ga1−xMnxAs/GaAs (0.015 < x < 0.071)
samples and proposed the Anderson localization [173; 174] for the explanation of the
negative magnetoresistance in these samples. This scenario may be also applied to the
present case of In1−xMnxSb/GaAs samples.
If a semiconductor is doped with impurities, then states closed to the band edges may
be induced, and electrons may be thermally excited in to or out of these impurity states.
When a semiconductor becomes ferromagnetic, spin splitting of the conduction as well
as the valence bands are expected to occur due to s-d and p-d exchange interactions.
Figure 5.8 shows the band energy in the Anderson localized regime. The Fermi energy
Ef lies on the localized side of this edge energy Em (it is also named as "mobility
edge" - the critical point at which a transition from localized to extended character
of the eigenfunctions occurs in the random lattice problem). The conductivity at low
temperature is exponentially dependent on the localization length [172]
ξ ∼ |Em − Ef |−ν (5.15)
75
5 (In,Mn)Sb/GaAs system: characterization and properties
Figure 5.8: Band energy of (In,Mn)Sb in the Anderson localized regime.
where the value of exponent ν is close to unity. The effect of a magnetic field is to cause
a Zeeman shift of the Fermi energy by ±gµB (g: factor enhancement, µ = eh¯/2me: Bohr
magneton). This gives rise to a decrease in Em − Ef for one of the two spin subbands,
and causes negative magnetoresistance. In the case of diluted magnetic semiconductors,
the Zeeman shift of the Fermi energy ±gµB can be much larger, and the mobility edge
may also be shifted as the magnetic field quenches disorder by aligning the Mn moments.
The sample with 0.2% Mn may contain more diluted magnetic contributions than two
others. The AFM and TEM measurements, which will be presented in section 5.4, also
show that this sample has less MnSb clusters than two others.
The temperature- dependent carrier concentration measured at 0.5 T of these three
(In,Mn)Sb samples is shown in Fig. 5.7 (b). The hole concentration p of the (In,Mn)Sb
films at 300 K is measured to be 7.4e19 cm−3, 1.8e19 cm−3, and 5.4e18 cm−3 for sample
with the Mn content of 0.7%, 0.4%, and 0.2%, respectively. The sample without Mn
grown at the same conditions has n-type conductivity and electron concentration of
2.2e16 cm−3 at 300 K. All the samples have a similar behavior at high temperature
range (> 100 K) - decreasing carrier concentration as decreased temperature. The
carrier concentration at low temperatures (e.g. below 50 K) in each sample is stable,
indicating the carriers due to the impurities (scatterers). A different number of ionized
impurities depends on the Mn content. The hole concentration increases with increasing
Mn concentration owing to the increased acceptor concentration. Electrical parameters
of these four films are given in Table 5.2.
Figure 5.9 shows a plot of resistivity as a function of temperature (B=0) of above
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Figure 5.9: Temperature-dependent resistivity of (In,Mn)Sb films with different Mn con-
centration x.
(In,Mn)Sb films. The resistivity decreases with increasing Mn concentration due to the
increased carrier concentration. It is also seen that the resistivity decreases with tem-
perature on cooling from 300 K to around 30 K. An anomalous behavior from 250 K to
200 K may be resulted by effect of the substrate conductance [175]. The resistivity data
at temperature lower than 30 K show an increased resistivity with decreasing temper-
ature. The higher resistance at low temperature are expected due to compensation of
Mn acceptors through point defects such as Mn interstitial sites. This rise of resistance
suggests ionized impurity and spin disorder scattering. The ferromagnetic interaction in
the present set of these alloys is mediated by localized holes, rather than metallic holes
[91]. The similar behavior was also observed on (In,Mn)Sb films studied by Ganesan
et al. [10]. It has been seen that conductivity of this material is dominated by Mott’s
variable range-hopping mechanism
ρ(T ) ∼ exp( T
To
)1/4 (5.16)
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Table 5.2: Electrical parameters of (In,Mn)Sb films with different Mn content at 15 K
and 300 K.
Sample Resistivity Carrier conc. Mobility
(%Mn) (Ωcm) (cm−3) (cm2/V s)
15 K 300 K 15 K 300 K 15 K 300 K
0.7 0.2 0.3 4.1e19 7.4e19 (p-type) 250 190
0.4 0.3 0.4 1.2e19 1.8e19 (p-type) 410 250
0.2 0.6 0.7 4.6e18 5.4e18 (p-type) 480 340
0.0 35 9.2 5.1e15 2.2e16 (n-type) 24000 41100
where ρ is resistivity. Theory predicts [176]
To =
14
g(EF )a∗2B
(5.17)
where g(EF ) is the density of states at the Fermi level and a∗B is the Bohr radius of the
donors.
The Mn interstitial sites are well known to compensate carriers. The carrier concen-
tration of the films at 300 K is deduced to be 7.4e19 cm−3, 1.8e19 cm−3, and 5.4e18
cm−3 for sample with the Mn content of 0.7%, 0.4%, and 0.2%, respectively. At 15 K,
the corresponding carrier concentration decreases to be 4e19 cm−3, 1.2e19 cm−3, and
4.6e18 cm−3. In the metallic (Ga,Mn)As, (Ga,Mn)Sb alloys [177; 178; 179], and other
studied (In,Mn)Sb system [7; 94], the temperature dependent of resistivity at zero field
presents a maximum. This peak signals the presence of the critical scattering associated
with the transition between the ferromagnetic and paramagnetic phases and provides
convenient estimates of the Curie temperature. The behavior of these series (In,Mn)Sb is
somehow similar to nonmetallic (Ga,Mn)As samples with high ferromagnetic transition
temperature, which could not be determined from transport measurements [180; 171].
The magnetization measurements provide the hysteresis loops above 200 K for all three
samples, which are discussed in section 5.4.
5.3.3 Anomalous Hall effect
It is well-known that the Hall resistance in a ferromagnetic material contains an ordi-
nary contribution, which proportional to the external magnetic field, and an anomalous
contribution, which often assumed to be proportional to the sample magnetization [181].
It can be expressed by the following equation
RHall = (RO/d)B + (RA/d)M (5.18)
where RO and RA are ordinary and anomalous Hall coefficients, respectively, B is the
applied magnetic field, M is the magnetization and d is the sample thickness. The second
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Figure 5.10: Field dependence of the Hall resistance measured at 4.2 K in the (In,Mn)Sb
sample with 0.7% Mn. Magnetic field applied perpendicular to the layer
plane. Inset shows the RHall(H) curve at 300 K.
term presents the anomalous Hall effect (AHE), which is properly caused by anisotropic
scattering between the carriers and local magnetic moments of Mn atoms. However, the
mechanism of the AHE has long been controverted whether it is intrinsic or extrinsic
and how to involve with the carriers and local magnetic moments scattering. Karplus
et al. [182] attributed firstly the AHE to the intrinsic mechanism, in which the matrix
elements of the current operators are required. Recently, the theoretical studies of the
AHE relate the intrinsic-origin AHE to Berry phase effects1, in which the transverse
conductivity σxy is relative to the Berry phase curvature [181; 183; 184; 185]. Therefore,
the study of σxy is necessary for ferromagnets. Other reports [186; 187] proposed to
the extrinsic mechanism, in which the impurity scattering modified by the spin-orbit
interaction plays an important role. It has been shown that the extrinsic mechanism
is complicated and depends strongly on the impurities and the band structure of the
materials. Nevertheless, the conventional expression (Eq. 5.17) is derived in all these
1Waves are characterized by amplitude and phase. The Berry phase occurs when both parameters are
changed simultaneously but very slowly (adiabatically), and eventually brought back to the initial
configuration. In quantum mechanics, this could e.g. involve rotations but also translations of
particles. It is possible that the initial and final states differ in their phases. This phase difference
is the Berry phase, and its occurrence typically indicates that the system’s parameter dependence is
singular (undefined) for some combination of parameters (from www.wikipedia.org).
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theories for the AHE. In my study, I show the experimental results, in which the AHE
was observed. As seen in the Fig. 5.10, the RHall(H) curve of the sample with 0.7% Mn
measured at 4.2 K shows an unusual behavior of Hall resistance in the low field region,
when I sweep the field from negative to positive value. This observation establishes the
ferromagnetism of the material. However, the width of the hysteresis is narrow and could
not be determined. It was possible to measure the RHall(K) at 4.2 K and at 300 K. The
Hall resistance at 300 K is found to be linear in the used field region (Inset Fig. 5.10).
Oiwa et al. [188] has investigated the anomalous Hall effect in the (In,Mn)As samples
grown on (Ga,Al)Sb substrate. In this system, it has been shown that the shape of the
hysteresis loop depends on the magnetic anisotropy. (The origin of magnetic anisotropy
in ferromagnetic zinc-blende DMS is discussed in references [189; 190]). For example, if
the hysteresis loop is square in shape, the sample has a strong perpendicular magnetic
anisotropy. The magnetization vector is always fixed normal to the layer plane, and
only the perpendicular component of the applied magnetic field is effective. By contrast,
the relatively weak magnetic anisotropy results the magnetization in the direction of
the applied magnetic field. Oiwa also attributed the phenomenon of the difference in
magnetic anisotropy to the lattice-mismatch-induced strain in the magnetic layer. If the
thickness of the magnetic layer exceeds the critical value, the strain energy builds up
to a point where it becomes energetically favorable to form misfit dislocations. At this
point, the lattice-mismatch-induced strain is mostly relaxed and results weak magnetic
anisotropy. It is believed that the lattice-mismatch-induced strain is the principal factor
of the magnetic anisotropy, although other sources such as dislocation density and carrier
density have to be considered for quantitative account of this phenomenon. Whether this
explanation can be also applied to the present case of my In1−xMnxSb/GaAs samples
or not, it is still unclear. However, I can imagine that only some of the total Mn spins
appear to contribute the hysteresis loop at the low field. Some part of the others may be
buried in the depletion layer region, where the hole concentration can be lower than the
critical value for the present of carrier-induced ferromagnetism. These non-ferromagnetic
Mn spins need much higher field to align. The rest of the non-ferromagnetic Mn spins
may coexist with the ferromagnetic clusters in the interior of the (In,Mn)Sb layer.
5.4 Magnetization measurements
For the magnetic characterization, I used a superconducting quantum interference device
(SQUID) to carry out the measurements on (In,Mn)Sb samples. The SQUID is capable
of resolving changes in external magnetic field as large as 7 T. The magnetic field can be
applied parallel or perpendicular to the sample layer plane. A measurement is performed
by moving a sample through a system of superconducting detection coils which are
connected to superconducting quantum interference device with superconducting wires.
The temperature is in the range of 2 K to 400 K. For ferromagnetism, there are principal
magnetic measurements: M(H) - magnetization as a function of applied magnetic field
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Figure 5.11: Hysteresis loops of (In,Mn)Sb films with different Mn contents measured at
2 K when the field applied parallel to layer plane.
Figure 5.12: Temperature-dependent magnetization measured in a parallel field of 50 Oe,
for the three In1−xMnxSb samples with x = 0.7%, 0.4% and 0.2%. ZFC/FC
means zero-field-cooled/field cooled. This is done by cooling the sample to
the lowest measured temperature at H = 0. The ZFC part is measured
as a function of temperature up to the highest desired temperature after a
magnetic field is applied. By cooling the sample in this same field to the
lowest temperature and measuring again as a function of temperature, the
FC part can be done.
and M(T) - magnetization as a function of temperature. Figure 5.11 shows the field
dependence of magnetization for four samples with different Mn content measured at 2 K,
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when the magnetic field was applied parallel to the plane. For all (In,Mn)Sb samples, the
M(H) is not linear and the behavior is not reversible. The lack of reversibility is named
magnetic hysteresis loop. In these samples, the hysteresis loops in the low field range H
< 5000 Oe are clearly seen, reflecting the ferromagnetic properties at low temperature of
the diluted ferromagnetic materials. In comparison, magnetization measurements carried
out on the sample without Mn have not shown any ferromagnetic characterizations. In
the (In,Mn)Sb samples, as H increases the magnetization gradually reaches a maximum
value as known as the saturation magnetization (which is denotedMs in Fig. 5.11). The
saturation magnetization of the films is also found to be dependent on Mn composition.
The samples with the Mn content lower than 0.7% have the ferromagnetic contributions,
which saturate in the low field region, while the ferromagnetic contribution of the sample
with 0.7% reveals a slowly increasing component in the higher field region. As H is
reduced back to zero from saturation, the magnetization goes to the value of remanent
magnetization (as indicated Mr in Fig. 5.11). The measured values for remanent, and
saturation magnetization of the films are found to be dependent on Mn composition.
The remanence Mr of the sample with 0.7% Mn is approximately 17% of the saturation
magnetizationMs, whereas samples with 0.4% and 0.2% Mn haveMr/Ms ratio of about
47% and 77%, respectively. While the saturation magnetization is an intrinsic property
of the material, the remanent magnetization depends on the fabrication of the samples
[191]. If the amplitude of the hysteresis loop is smaller than the saturation magnetization,
one can conclude that not all the Mn moments participate in the hysteresis loop; there is a
significant part of the Mn moments which requires higher field to align [172]. However, in
my (In,Mn)Sb samples, the amplitude of the hysteresis loops are equal to the saturation
magnetization, indicating that at very low temperature all the Mn moments participate
in the low field hysteresis loop. In the sample with the highest Mn content of 0.7%, the
magnetization saturates at 5000 ∼ 6000 Oe. This observation is then compared with
the other in Fig. 5.10. In the range of H < ∼ 6000 Oe, the M(H) curve corresponds to
the magnetoresistance curve well. At higher field 6000 Oe < H < 2 T, the anomalous
Hall effect in the RHall(H) is still observed, while the magnetization is saturated. This
observation could result in some new effects due to electron scattering. However, the
physics behind the process is needed to analyse. Figure 5.12 shows the temperature-
dependent magnetization measured in a parallel field of 50 Oe, for the three In1−xMnxSb
samples with x = 0.7%, 0.4% and 0.2%. At low temperature, the magnetization decreases
as decreasing temperature as well as the Mn content. It can be also seen that there is
a magnetic phase change below 50 K, 30 K and 20 K for the sample with the Mn
content of 0.7%, 0.4% and 0.2%, respectively. As discussed in section 5.4, these magnetic
phase changes may originate from the ferromagnetic matrix. From these curves, Curie
temperature Tc of the samples can be estimated [192; 193; 97; 96]. Tc is measured to be
50 ± 1 K, 27 ± 1 K, and 18 ± 1 K corresponding to Mn content of 0.7%, 0.4%, and
0.2%, respectively (discussed in section 5.5). The temperature-dependent magnetization
of the In1−xMnxSb sample with x = 0.7% measured over the full temperature range
at 500 Oe and 100 Oe is shown in Fig 5.13. The M(T) curves are evidently spaced,
reflecting the higher applied field the higher magnetization. Moreover, both curves also
reveal two distinct phases; one below about 50 K and the other above 50 K. As discussed
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Figure 5.13: Temperature-dependent magnetization of the In1−xMnxSb sample with x
= 0.7% measured at applied magnetic field of 500 Oe and 100 Oe.
above, the temperature of 50 K is expected to be the Tc of DMS (In,Mn)Sb alloy in this
sample.
Magnetization versus magnetic field curves for the sample with x = 0.7% measured
at 300 K, 77 K, and 2 K with the magnetic field H parallel to the sample plane are
shown in Fig. 5.14. Magnetization measurements carried out on samples with other Mn
compositions also exhibited similar behavior and hence are not shown here. Saturation
in magnetization was found even at 300 K, which is a consequence of the ferromagnetic
clusters being present in the film (see section 5.4 for details). The difference in the value
of saturation magnetization between 2, 77, and 300 K suggests that the Mn contribution
in magnetic phase InMnSb and much lower Tc [194].
5.5 Mn distribution
The AFM topographs of the four films, which are 5 µm × 5 µm scans, are shown in Fig.
5.15. The samples have well-interconnected surface features with average height of 30
nm; these features are basically independent of the Mn content. In addition, the AFM
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Figure 5.14: Magnetization curves of the In1−xMnxSb sample with x = 0.7% at three
different temperatures. Magnetic field was applied parallel to the sample
plane.
images reveal small triangular hillocks (as indicated with arrows) with base dimensions
in the range of about 200 nm and average height of 120 nm. As the Mn content decreases,
the density and size of these triangular hillocks decrease. In the sample with Mn content
of 0.7%, the areal density of the triangular hillocks is found to be 4/µm2, decreasing to
1/µm2 in the sample with 0.2% Mn. One can note that the triangular hillocks are only
observed in the samples with Mn; in the bulk InSb sample, no triangular hillocks are
found. The presence of Mn in InSb can result in MnSb clusters [10; 101; 8] and I believe
that the triangular hillocks are, in fact, such clusters, representing a second magnetic
phase in the samples.
The JEOL JEM-3010 transmission electron microscopy (TEM) with high spatial res-
olution down to the atomic scale can quantitatively determine not only the surface,
interface structure and morphology of as-grown nanostructured materials but also the
local chemical composition by electron energy-loss spectroscopy (EELS) with nanome-
ter probe size at the same position. Figure 5.15 shows cross-sectional TEM images of
a sample with 0.4% Mn. Three layers with abrupt interfaces can be identified (Fig.
5.16(a)). The first layer from the bottom is the GaAs substrate. The second layer con-
sists of (In,Mn)Sb alloy with a small density of defects, and the last layer is island-shape
top layer due to the MnSb clusters. Fig. 5.16(b) depicts the diffraction pattern of the
sample and is used to deduce the lattice parameters of the compounds. The bright spots
represent the different compounds as marked in the figure. The existence of MnSb clus-
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Figure 5.15: The 5 µm × 5 µm AFM scans of the (In,Mn)Sb films with different Mn
content (a) 0.7%, (b) 0.4%, (c) 0.2%, and (d) 0.0%.
ters, which have a lattice constant between (In,Mn)Sb and GaAs, can be clearly seen.
The cross-sectional TEM of the island clusters is shown in Fig. 5.16(c) and (d). The
TEM results show that the MnSb clusters are not buried in the matrix, but located on
the top layer. The height of the islands is about 20±2 nm. In order to explain the
existence of MnSb nanoclusters on the top layer, at least two explanations have been
proposed: First, MnSb has significant higher surface energies than that of (In,Mn)Sb
[195]. Second, during the decreasing temperature under antimony flux after growth, it
may happen that some residual Mn atoms in the growth chamber combined with Sb and
formed MnSb islands on the surface.
The SEMmicrographs of the film with 0.7% Mn as seen in Fig. 5.17 reveal the presence
of a second phase (as indicated with arrows in black) on the surface. Compared with the
AFM and TEM results, these features are assumed to be MnSb clusters. The clusters are
of about 20-30 nm in dimension and distribute rather nonuniformly only on the surface.
In addition, the image (Fig. 5.17 bottom) also shows other surface features (as indicated
with arrows in yellow), of several µm in length, which do not appear in AFM or TEM
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Figure 5.16: The cross-sectional TEM images of the (In,Mn)Sb film with 0.4%Mn (a)
Overview of 50 nm sample, (b) Large area of 2 µm with shadow, (c) High-
resolution image of top layer, and (d) MnSb with hight of 20 nm on the
top.
images. These features are due to the cleaving.
Figure 5.18 shows the field dependence of magnetization for three samples at 2 K.
Three distinguished hysteresis loops are observed in the magnetization measurement,
suggesting the ferromagnetic properties at low temperature of the diluted ferromagnetic
matrixes. The magnetization curves also show little difference between in-plane and out-
of-plane field orientation. The diluted ferromagnetic matrix also results in an enhanced
magnetoresistance response at low field and anomalous Hall effect at low temperature
[9; 101]. The results show that the saturation magnetization of the films depends on
Mn concentration. The magnetization saturates at higher field and has higher value for
higher Mn content.
The magnetization versus external magnetic field was also carried out for the (In,Mn)-
Sb samples at 300 K as shown in Fig. 5.19. All samples with Mn exhibit a ferromagnetic
ordering at 300 K, displaying distinguished hysteresis loops. This observation indicates
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Figure 5.17: SEM images of the (In,Mn)Sb film Mn content of 0.7%. (a): cross-sectional
view and (b): plan view.
that, in addition to the DMS (In,Mn)Sb due to substitutional Mn, a fraction of Mn
also goes to MnSb clusters and contributes to the ferromagnetism (MnSb TC ∼ 580 K,
the magnetic moment per Mn ∼ 3.5µB; µB: Bohr magneton [196]). The magnetization
curves also showed little difference between in-plane and out-of-plane field orientation.
However, the measured values for coercivity, remanent, and saturation magnetization of
the films are found to be dependent on Mn composition. From the value of saturation
magnetization, Matsukura et al. [194] reported that about 60% of the nominal Mn
contributed to the formation of MnSb clusters in the (Ga,Mn)Sb sample with 8.6% Mn.
The remaining 35% of Mn is in another phase. In our samples, the quantities of the Mn
contribution are not clear. However, I found that as Mn density in the crystal increases,
more MnSb clusters are formed. In comparison, magnetization measurements carried
out on sample without Mn have not shown any ferromagnetic characterizations [197].
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Figure 5.18: The experimental magnetic field dependence of magnetization with in-plane
field at 2 K for three (In,Mn)Sb films with different Mn content of (a) 0.7%,
(b) 0.4%, and (c) 0.2%.
Figure 5.19: The M vs H plots at 300 K for four (In,Mn)Sb films with different Mn
concentration when magnetic field applied parallel to the layer.
5.6 Curie temperature
Curie temperature Tc of a ferromagnetic material is the temperature above which the
material loses its ferromagnetic characteristics. At temperature T < TC , the magnetic
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Figure 5.20: Temperature dependence of magnetization measured with in-plane field of
50 Oe for (In,Mn)Sb film with 0.7% Mn. Inset shows Tc as a function of
Mn content.
moments are aligned within magnetic domains. As the temperature is increased towards
Tc, the alignment (magnetization) within each domain decreases. Above Tc, the material
is purely paramagnetic.
In the III-V ferromagnetic semiconductors, (Ga,Mn)As and (Ga,Mn)N are expected to
possess the highest Curie temperature. For (In,Mn)Sb, Ganesan at al. [10] has recently
reported the studies on bulk Mn-doped InSb materials grown by the horizontal Bridgman
technique. It has been found that a ferromagnetic state below 10 K is the consequence
of (In,Mn)Sb alloy and other ferromagnetic phase is contributed by MnSb clusters, that
may provide TC ∼ 580 K [196]. The presence of such ferromagnetic clusters in these
hybrid systems may be important for semiconductor-based spinphotonic applications
and devices with a higher Curie temperature.
In our case, magnetization measurements also indicate that both the (In,Mn)Sb alloy
as well as the MnSb inclusions are ferromagnetic and two distinct Curie temperatures
are measured. Figure 5.20 shows the temperature dependence of magnetization of the
sample with 0.7% Mn. It has been seen that two magnetic phases contribute to two
separately parts of M(T) curve. One magnetic ordering below 50 K could arise from
magnetic nature of the (In,Mn)Sb alloy, and other above 50 K should be from MnSb
clusters. The temperature-dependent magnetization curves of samples with other Mn
concentrations also exhibited similar behavior and hence are not shown here. Due to a
limited temperature range by using SQUID to do magnetization measurements, the M
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vs T plots should not be performed above 400 K. However, from other study, magnetic
phase in MnSb clusters may have Tc above 500 K [10]. The junctional temperature (as
indicated with arrow) between two magnetic phases have been widely used to estimate
the Tc of DMS contribution [192; 193; 97; 96]. The inset shows the Tc versus Mn con-
centration for three DMS (In,Mn)Sb orderings. Tc is estimated to be 50 K, 27 K, and
18 K corresponding to Mn content of 0.7%, 0.4%, and 0.2%, respectively. Wojtowicz
et al. [94] and Jungwirth et al. [181] reported a model to calculate Tc using a mean-
field-theoretical (MFT) approach based on the 8-band effective band-orbital method
(EBOM). This model estimates that Tc should increase roughly linearly with ferromag-
netic Mn moment density. The theoretical calculations have been then compared with
experimental values and an agreement between experiment and theory has been seen.
In my (In,Mn)Sb samples, the Tc of DMS contribution also increases with increasing Mn
content in the range studied here, as expected. It is known from studies of III-Mn-V
[192; 46; 96] that a larger amount of magnetic impurity reduces Tc. In order to elucidate
the mechanism responsible for the decrease of Tc when Mn content increases, at least
two predictions have been proposed: the loss of substitution Mn to form MnSb clusters
or to interstitial (double donor) sites and the formation of native defects such as SbIn
and InSb antisites. The result is a reduction in the density of active Mn spins, which in
turn produces the drop of Tc. Note that my (In,Mn)Sb samples may have MnSb clus-
ters or interstitial sites as well as native defects such as SbIn and InSb antisites, which
would be known to compensate carriers. The carrier concentration of the films at 300
K is obtained to be 7.4e19 cm−3, 1.8e19 cm−3, and 5.4e18 cm−3 for sample with the
Mn content of 0.7%, 0.4%, and 0.2%, respectively. At 15 K, the corresponding carrier
concentration decreases to be 4e19 cm−3, 1.2e19 cm−3, and 4.6e18 cm−3. However, in
our (In,Mn)Sb samples, the Tc of DMS contribution also increases with increasing Mn
content in the range studied here. It seems that the Mn moment compensation does not
play an important role in the hole-mediated ferromagnetism in the given range of Mn
composition [100]. But the origins behind the process remain unclear.
5.7 Improvement for achieving higher Curie temperature
As discussed above, investigates samples show two ferromagnetic components: one from
the DMS (In,Mn)Sb alloy and the other from the ferromagnetic MnSb clusters. The
former reveals the Curie temperature Tc below 50 K. For the materials to be useful in
device applications, at least two things are required: the higher Tc and the defect reduc-
tion. In order to obtain a higher Tc, it is crucial to increase the hole concentration by
adding a large amount of Mn into the III-V host material. Because when Mn atom oc-
cupies substitutional group-III position, it acts as an acceptor. Hence, it supplies a local
moment as well as a free hole for conduction. Ferromagnetic ordering in these structures
is widely accepted to be due to the coupling between Mn local moments mediated by
holes in the valence band. My investigation indicates that the Tc is proportional to the
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magnetic moment, that depends upon the density of substitutional Mn ions; as the den-
sity of substitutional Mn ions increases the Tc increases. This trend has been confirmed
experimentally in other previous works [7; 101; 8], even though the Mn contents in these
samples (2 - 10%) are higher than those in my samples, but the Tc is lower. There are
two ways to achieve higher Tc:
- Using higher Mn concentration.
- Since my results indicate that the more Mn was added, the more MnSb clusters
were formed. However, these clusters dominate only on the surface. Hence, the second
possibility is to etch the films down to several ten nanometers from the surface, where
the cluster are located. Wojtowicz et al. [96] reported that Mn ions occupying inter-
stitial sites (MI) as double donors compensate the substitutional Mn (Ms) acceptors,
therefore reducing the hole concentration and lowering the Tc of the III1−xMnxV al-
loys. According to this study, the MI can be evidently removed via low-temperature
annealing, while annealing at higher temperature is found to move a large fraction of
Mn from substitutional positions to random clusters, hence decreasing both the number
of active spins and the number of holes, and thus lowering Tc. For other III-V DMS,
(Ga,Mn)As, Wang et al. [193] also reported that the Tc depends sensitively on the post
growth annealing procedures. Taking all these concerns together, it is interesting to
carry out further researches to obtain the higher Curie temperature.
5.8 Summary
To conclude, I have investigated the growth, structural, magnetotransport, and magnetic
properties of the ferromagnetic In1−xMnxSb crystals grown on GaAs (001) using MBE.
The Mn content is determined to be smaller than 1%.
The lattice studies show no variance of lattice constants between the magnetic layers
In1−xMnxSb and the InSb buffer layers in each sample. The perpendicular lattice
constant a⊥ of the epilayers decreases with increase Mn content. The reason may be the
interstitial Mn MnI and Sb antisites SbIn defects. The in-plane lattice constant a‖ is
smaller than the lattice parameter perpendicular to the layer plane a⊥ for each sample.
It is seen that the epilayers remain strain-relaxed to the GaAs substrate. The values
of relaxed layer lattice parameter arelax and the degree of strain m are also calculated
from the measured values of a⊥ and a‖. Mn decreases the lattice constant as well as the
degree of relaxation of (In,Mn)Sb films. In all samples, the XRD measurements showed
high crystalline perfection of the In1−xMnxSb layers.
The electrical measurements reveal a negative magnetoresistance and anomalous Hall
effect below 5 K. The occurrence of the negative magnetoresistance has been analyzed
using the Anderson localization. The increasing Mn concentration increases the carrier
concentration but decreases resistivity. The carrier concentration at low temperatures
(below 50 K) indicates the impurities (scatterers). The AHE was observed at 4.2 K in
the low field region, establishing the ferromagnetism of the material. One can suppose
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that only some of the total Mn spins appear to contribute the hysteresis loop at the low
field. Some part of the others may be buried in the depletion layer region, which require
much higher field to align and may coexist with the ferromagnetic clusters in the interior
of the (In,Mn)Sb layer. The shape of the hysteresis loop is also suggested to depend on
the magnetic anisotropy.
The distribution of Mn in the (In,Mn)Sb films has been discussed. TEM, AFM, SEM,
x-ray and magnetization studies show two magnetic states in the (In,Mn)Sb films with
different Mn content, corresponding to diluted magnetic semiconductor (In,Mn)Sb and
clusters MnSb. A fraction of Mn atoms also goes to interstitial sites and to be electrically
compensated, as revealed by Hall measurements. The measured values of Tc are found
to be highly dependent on Mn concentration. In general, the Curie temperature in
the diluted magnetic phase (In,Mn)Sb and in other magnetic phase of clusters has been
found to be below 50 K and above 300 K, respectively. The observations of two magnetic
states in the crystals and high Tc of MnSb clusters could be important for realizing
ferromagnetic semiconductor based devices.
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Taking the advantage of the high electron mobility as a key parameter for device ap-
plications such as infrared detectors, and Hall devices, InSb generates much interest.
On the progress, the diluted magnetic semiconductor based InSb is also providing an
exciting field of research, in particular with respect to how to achieve high Curie tem-
perature. My dissertation, therefore, focuses on the growth and characterization of two
main systems: InSb semiconductor and (In,Mn)Sb diluted magnetic semiconductor. All
investigated heterostructures were grown using MBE Riber Compact 21T. For char-
acterization, reflection high energy electron diffraction, x-ray diffraction, atomic force
microscopy, scanning electron microscopy, transmission electron microscopy, supercon-
ducting quantum interference device as well as optical and transport techniques were
applied.
Due to the large lattice mismatch between the epi-layer and substrate, the successful
growth of InSb on GaAs (14.6% lattice mismatch) and on Si (19.3% lattice mismatch)
is a challenge. For the hybrid semiconductor device applications, thin epitaxial layers
of high-mobility InSb are required. Even though some related papers have reported the
electron mobility at 300 K of the 2µm-thick InSb epilayer as high as 43000 cm2/V s
(grown with buffer layer) [143] or 55000 cm2/V s (grown with a imperial recipe) [198],
my study comprises a novel finding that high-quality InSb films can be grown directly
without any special technique on (001) GaAs substrate with the electron mobility as
high as 41100 cm2/V s at 300 K, corresponding to the carrier concentration of about
2.9e16 cm−3. However, the electron mobility degradation and the carrier freeze-out at
low temperatures were observed. To reduce these factors, the sample was doped by Si
with the doping level of 2e16 cm−3. The high mobility measured at low temperatures
strongly inspires to grow the thicker InSb layers for the fabrication of infrared detectors
[199; 200]. (An example structure of a p-i-n photodetector is shown in Fig. 6.1) The
optimal growth parameters include the substrate temperature of 310oC, the Sb/In flux
ratio of 5.6, and the growth rate of 2 Å/s for the InSb/GaAs growth.
The growth of InSb/Si is more challenging. The difficulties involved in growth of high
quality InSb films on Si include not only the large lattice mismatch but also the different
thermal expansion coefficients (αInSb ≈ 2αSi at 300 K) and antiphase domain formation
due to the growth of anpolar semiconductor on a nonpolar semiconductor. Only few
related studies have been published so far [1; 2; 3]. For the successful growth of InSb/Si,
I had to use Si (001) offcut by 4o toward (110) substrate and the insertion of buffer
layers, which help to reduce the lattice mismatch as well as the formation of defects.
The 300 K mobility of 24000 cm2/V s corresponding to a carrier concentration of 2.6e16
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Figure 6.1: Schematic structure of a p-i-n photodetector.
cm−3 is found for the best 2µm-thick sample, which is grown at 340oC with GaSb/AlSb
superlattice buffer layer.
On (In,Mn)Sb material system, I have investigated the growth, structural, magne-
totransport, and magnetic properties of ferromagnetic In1−xMnxSb (x < 1%) crystals
grown on GaAs (001). The samples reveal two magnetic phases, corresponding to the
diluted magnetic semiconductor (In,Mn)Sb alloy and clusters MnSb. The distribution of
the clusters is only on the sample surface. The measured values of the Curie temperature
Tc are found to be highly dependent on Mn concentration. In our samples, the Curie
temperature in the diluted magnetic phase (In,Mn)Sb alloy and in other magnetic phase
of clusters has been found to be below 50 K and above 300 K, respectively. The high Tc
obtained (∼50 K) with very low Mn doping range < 1% (compared with other previous
researches [7; 101; 8]) provides a possibility to achieve higher Tc if I add a larger amount
of Mn into the samples. The reason is that if more Mn atoms are added, more local
moments are supplied. My experiments show a proportional correlation between the Tc
and the magnetic moment. My results also show that the more Mn atoms were added,
the more MnSb clusters were formed. However, these clusters dominate only on the
sample surface. Hence, it is a new idea to etch the films down to several ten nanometers
from the surface, where the clusters dominate. By this way, the MnSb clusters are then
removed and the research can be carried out only on the DMS (In,Mn)Sb alloy. Other
interesting work is low-temperature annealing to remove the Mn interstitial sites (MI)
which reduce the hole concentration hence, result lower Tc [96]. Altogether, I expect that
it is possible to bring this material closer to the applications for realizing ferromagnetic
semiconductor based devices.
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